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• '  A B S T R A C T  sN''
The m er'o m ic tic  'pond  ’Lago P u e b lo ’ i n  Los Roques 
A rc h ip e la g o ,  V e n e z u e la  i s  a  s h a llo w  pond w i th  iirwo d e e p e r  
’d e p r e s s io n s .  The s h e l f  and  v e r t i c a l  w a l l s  o f  th e  d e e p s  a r e  
l i n e d  w i th  r e d  m a c r o c r y s t a l l i n e  gypsum . D u rin g  th e  w et 
s e a s o n  s e a  w a te r  s p i l l s  .o v e r and  s e e p s  th ro u g h  a  s to rm  
t e r r a c e  a d jo in in g  s h a llo w  p o nds on t h e  e a s t e r n  s id e  o f  Lago 
P u e b lo . T h is  l o w - s a l i n i t y  l a y e r  r e s t s  on a  m a r in e  b r i n e  whose 
c o n c e n t r a t i o n  i s  a p p ro x im a te ly  t e n  t im e s  t h a t  o f
t
n e ig h b o u r in g .s e a  w a te r .  Maximum s t r a t i f i c a t i o n  o f  th e  w a te r  
colum n d ev e lo p s>  c o n v e c t io n  i s  i n h i b i t e d  and th e  
m onim olim nion  a t t a i n s  i t s  h i g h e s t ' t e m p e r a t u r e  o f  39°C . The 
s e a s o n a l  c h e m ic a l s t r a t i f i c a t i o n  and e le m e n ta l  c o n c e n t r a t io n  
i s  a  f u n c t io n  o f  th e  b r i n e  d e n s i t y .  Sodium show s a  
s i x t e e n  f o ld  i n c r e a s e  i n  c o n c e n t r a t i o n  i n  th e  b r in e  m ass 
o v e r  Los Roques s e a  w a te r  and  a p p e a r s  t o  be  c o n c e n t r a t i n g  f t  
a  much f a s t e r  r a t e  th a n  c h l o r id e H o n .  P o ta s s iu m  and l i t h i u m  
show a  t e n f o l d  i n c r e a s e  o v e r  s e a  w a te r .  M agnesium an d . 'j-
c h l o r id e  a r e  c o n c e n t r a t i n g  a t  Jh e  same r a t e  and  a r e  ^ ^
I
r e s p e c t i v e l y  t e n  and s e v e n f o ld ,1 c o n c e n tr a te d '.  C alc ium  a  rion- 
c o n s e r v a t iv e  e le m e n t i s  b e in g  rem oved  some tim e  b e tw een  th e  
end o f  t h e  w e t 's e a s o n  and  t h e  b e g in in g  o f  th e  d ry  s e a s o n . 
F lu o r id e  i s '  t h e  o n ly  e le m e n t " to  show a  n e g a t iv e  
r e l a t i o n s h i p  w ith  i n c r e a s e  i n  c h l o r id e  c o n te n t  i n  th e  b r in e
v
J
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m a ss . The b o tto m  s e d im e n ts  a r e  h ig h ly  -en rich ed  i n  h eav y  
m e ta ls  su ch  a s  F e , Cu and Zn. The p h y s ic o c h e m ic a l  
s t r a t i f i c a t i o n  i n  Lago P u eb lo  i s  d e s tr o y e d  by  th e  - 
p r e v a i l i n g  e a s t e r l y  w in d s , and h o m o g e n is a t io n  o f  th e  w a te r  y 
colum n o c c u r s  a p p ro x im a te ly  t h r e e  m onths a f t e r  th e - 'w e t 
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TABLE l̂ J- N o rm a liz ed  r a t i o  o f  e le m e p t c o n c e n t r a t io n  
to  p o ta s s iu m  a  c o n s e r v a t iv e  e le m e n t 
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INTRODUCTION
G ran Roque i s  a. t r i a n g u l a r  i s l a n d  s i t u a t e d  a b o u t
150 km N o rth  o f  C a rb ^ a e , V en e z u e la  i n  th e  NE p a r t  o f  th e  Los
r *'
R oques A rc h ip e la g o .  I t  i s  3*15 ton lo n g  and up  to  1 km w ide 
( F ig  1 ) .
' The n o r th e r n  p a r t  o f  G ran Roque i s  o c c u p ie d  by  a  
n a rro w  r id g e  o f  T e r i a r y  m e ta d ia b a s e  and m e ta la m p ro p h y re s
t
intruded by quartz-diorite, granitic aplite and pegmatite
( A g u e r re v e re , 1 9 3 8 ) . The r id g e  r i s e s  up t o  12Q..m above s e a
l e v e l .  A s m a ll  v i l l a g e  e x te n d s  a lo n g  th e  w e s t  c o a s t  o f  th e
i s l a n d .  The c e n t r a l  and e a s t e r n  s e c t i o n s  c o n s i s t  o f  f l a t
' ^  l y i n g ,  f i n e  g r b ln  s e d im e n ts  (M edina, 1 9 5 6 ) .
Lago Pueblo is about 100 m long by 90 m wide, has
t h e  sh ap e , o f  a , . f i g u r e  e i g h t  and i s  l o c a t e d .o k  th e  SE f l a t s .
o f  G ran R oque. I t  i s  c l o s e s t  t o  th e  C a r ib b e a n  s e a  i n  th e  SW
w here  i t  i s  s e p a r a t e d  by  o n ly  25  m o f  c o n s o l id a te d  ca lc iu m "
carbonate gravel and the intervening village of El Gran
Roque (F ig  2 ) .  . .
A th e rm a l  s t r a t i f i c a t i o n  o f  th e  pond was f i r s t
o b s e rv e d  by S o n n e n fe ld  and Hudec i n ‘D ecem ber 1973 w h ile
s tu d y in g  th e  f o rm a t io n  o f  la g o o n a l  gypsum . The pond was
s u b s e q u e n t ly  d e s c r ib e d  by  Hudec a n d .S o n n e n fe ld  (197*0 and
S o n n e n fe ld  e t . a l .  (1 9 7 ^ . 1975. 1 9 7 6 ) . The w a te r  e x h ib i t e d  b o th
d e n s i t y  and te m p e r a tu r e  s t r a t i f i c a t i o n  d u r in g  th e  w et s e a s o n .
Dduced with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
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F ig  2 . A e r ia l  v iew  o f  Lago P u eb lo  d u r in g  th e  
d ry  s e a s o n ,  May, 1976.
i
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r
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The d e n s i t y  a t  t h a t  t im e  ra n g e d  from  l ; 0 5 a t  t h e  s u r f a c e  to
1 .1 5  a t  t h e  b o tto m  and te m p e r a tu r e s  ra n g e d  from  25°C a t  th e
s u r f a c e  t o  if?°C a t  th e  b o tto m . Lago P u eb lo  i s  th u s  a
-m ero m ic tic  l a k e , i . e .  a  l a k e  w h io h ^ u n d e rg o e s  in c o m p le te  m ix in g
o f  i t s  w a te r s  d u r in g  p e r io d s  o f  d e n s i t y  s t r a t i f i c a t i o n .
S p e c i f i c a l l y  i t  i s  a- la k e  i n  w h ich  th e  b o tto m  n o n - c i r c u l a t i n g
w a te r  m ass , th e  'm onim olim nion* i s  a d i a b e t i c a l l y  i s o l a t e d
from  th e  u p p e r  c i r c u l a t i n g  l a y e r  th e  *e p ilim n io n *  by a  m ix in g
.✓ * 
zone o r  'm ix o iim n io n *  (AGI G lo s s a ry  o f  G e o lo g y ) . A m e ro m ic tic
l a k e  h a s  th e  te n d e n c y  to  e n t r a p  s o l a r  r a d i a t i o n  and to  t u r n
i n t o  a  s o l a r  p o n d , i . e .  one i n  w h ich  w a te r  te m p e r a tu re  and
s a l i n i t y  i n c r e a s e s  w ith  d e p th .
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P u rg o se _ o f_ T h is_ S tu d v
The p u rp o s e  o f  t h i s  study.--w as:
1) To i n v e s t i g a t e  . t h e  s e a s o n a l  v a r i a t i o n s  i n  th e
te m p e r a tu r e ,  d e n s i t y  and m a jo r  e le m e n ta l  c o n c e n t r a t io n s  o f
th e  pond a s  a  f o l lo w  up to  e a r l i e r  s t u d i e s  by Hudec and 
*
S o n n e n fe ld  (1 9 7 ^ ) ,  and S o n n e n fe ld  e t . a l .  (197^» ^ 7 5 .  1 9 7 6 ) .
2)  To' i n v e s t i g a t e  th e  d e n s i t y ,  c h e m ic a l and  te m p e ra tu re*
s t r a t i f i c a t i o n ,  t h e i r 'n a t u r e  and d u r a t io n .
3 ) To d e te rm in e  s e a s o n a l  v a r i a t i o n s  i n  p r e c i p i t a t i o n  o f  
gypsum i n  th e  s h e l f  a r e a  and o f  h eav y  m e ta ls  i n  th e  b o tto m  
s e d im e n ts .  - ■ *
*0 To e l u c i d a t e  th e  p ro c e s s e s ' t h a t  a f f e c t  th e  l im n o lo g y  o f  
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Cl in ia t ic _  C o n d it io n s  ■*
The c l im a te  o f  Los Roques i s  h o t  and d r y .  The 
a v e ra g e  a n n u a l t e m p e r a tu r e ’i s  2 6 .9 °C  (T a b le  1 , F ig  3 )* « T o ta l  
r a i n f a l l  f o r  1976 am ounted to  361  mm (T a b le  2 ) .  The w et
J a n Feb . Mar Apr May ■ Ju n J u l- Aup. Sep Oct Nov Dec
2 5 .7 25*5 2 6 . 1 2 6 .9 2 7 .1 2 7 .5 2 9 - 7 2 8 . 0 2 5-5 2 6 .7 2 7 .5 2 6 . 8
T a b le  1 . A verage m o n th ly  a i r  te m p e r a tu r e  (°C ) i n  La O r c h i la ,  
( 1 9 6 l - 1 9 ? 0 ) , 50 tan E a s t  o f  Los R oques.
s e a s o n  o c c u rs  b e tw een  O c to b e r  to  D ecem ber and th e  d ry  s e a s o n
from  J a n u a ry  to  S e p tem b e r. R a in  sh o w ers  o c c u r  i n  J u ly
( F ig  4 ) .  . ,
*
The pond l i e s  i n  a  l o c a l  'a r e a  o f  i n t e n s i v e  
e v a p o r a t io n .  A c c o rd in g  to  d a t a  from  th e  c l im a t o l o g i c a l  
s t a t i o n  a t  La O r c h i la ,  50 tan E a s t  o f  Los R oques, th e  a n n u a l 
e v a p o ra t- io n  i s  2 . 5  t h i s  g iv e s  a  m o n th ly  a v e ra g e  o f  0 . 2 1  m 
(T a b le  3 ) -  th e  1 9 7 6 "y e a r  th e  maximum m o n th ly  e v a p o r a t io n ,
J a n Feb Mar Aor May Ju n J u l Aug Sep Oct Nov Dec
171 194- 210 198 14-8 229 237 291 233 216 194- 177
T a b le  3* T o ta l  m o n th ly  e v a p o r a t io n  (am) f o r  1976, La O r c h i la .
291 mm o c c u r re d  d u r in g  A ugust and th e  minimum, 14-8 mm d u r in g  
May (F ig  3)* S im i la r  e v a p o r a t io n  2 .7  m ( E c k s te in ,  1970) i s  
fo u n d  i n  th e  G u lf  o f  E l a t  a r e a ,  I s r a e l ,  w here  a  s o l a r  pond 
co m p arab le  t o  Lago P u eb lo  i s  l o c a t e d .  The a v e ra g e  a n n u a l 
w a te r  d e f i c i t  from  th e  pond due to  e x c e s s  o f  e v a p o r a t io n
x
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MONTHS, 7 6  '
F i g , 3* A verage m o n th ly  te m p e ra tu re  and t o t a l  m o n th ly  
e v a p o r a t io n  a t  La O r c h i la ,  5 °  km E a s t  o f ' Los Roques'.
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F ig  b .  T o ta l  m o n th ly  p r e c i p i t a t i o n  i n  La O r c h i la ,  
50 km E a s t  o f  Los R oques.
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* oyer precipitation amounts to a 2 m water column.
^  *
Betwe'em' May and October the winds blow mainly 
' *
* from E-ESE at an average velocity of 20 km/h, while from
* November to April, the winds are. from the E-ENE at 
approximately 22 km/h. Continuous exposure of the brines 
after th§ wet season to the easterly winds produces
stirring and subsequent mixing, which together with the. 
high evaporation rate, leads to homogeneity of the water
column approximately,, three months after fa*esh sea water 
stops flowing into the pond. In contrast, wind protection
makes diffusion and mixing a very slow process in Hot Lake
Washin^teon with much of the heat attained during the
summer beirig retained during the winter (Anderson, 1958)*
During the wet season waves up to 10 m high
fl<5w over the storm terrace bordering the outermost
lagoon on the eastern side of the island. This inflow
o the solar pond 
*through a series of channels (Fig 5). Rain water collected
on the central flats' of the island below .the metadiabase
ridge mixes with ocean water from the Caribbean se'a and 
% *
flows through a series of channels into the pond along 
the'northern shore of 'Lagq Pueblo. A 6Q m long channel 
through which only sea water flows separates the middle 
lagoon from Lago Pueblo on its eastern side. The main 
channel leading to the northern shelf of Lago Pueblo can
t
be observed in Figure 6.
of sea water finally makes its way^t










F ig  5 • •. SE p o r t i o n . o f  Gran Roque i s l a n d  w ith  L a g o 'P u e b lo  d u r in g  th e  d ry  s e a so n  i n  May 1976, 
Two la g o o n s  a r e  on th e  e a s t e r n  s i d e .  A s to rm  te r ra c e "  b o rd e r s  th e  o u te rm o s t o n e . A lso  
v i s i b l e  a r e  th e  s e a  w a te r  c h a n n e ls  b e n e a th  th e  m e ta d ia b a s e  r id g e  and th e  two d e l t a s  on th e  
e a s t e r n  and. n o r th e r n  s h e l f  o f  Lago P u eb lo  th ro u g h  v/hich s e a  w a te r  s e e p s  i n ,  •
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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F i r  6 . Main s e a  w a t e r  c h a n n e l  on 
*
t h e  f l a t s  be low  t h e  m e ta d ia b a s e  r i d g e  
th ro u g h  w h ich  s e a  w a t e r  s e e p s  i n t o  
t h e  n o r t h e r n  s h e l f  o f  Lago. P u e b lo .
)  ___
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Two d e l t a s  a lo n g  t h e  e a s t e r n  and n o r t h e r n  s h e l f  o f  Lago 
P u eb lo  i n d i c a t e  t h e  p o i n t s  a t  w h ich  s e a  w a te r  and r a i n  w a te r  
f lo w  i n .
V s .
r
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The L ake_B ottom _of_L ago_P ueb lo
Lago P u e b lo  h a s  a  s im p le  b o t to m  p r o f i l e ,  a  s h e l f
and  a. d eep  b o t to m .  T h e re  a r e  two de 'eps: The c e n t r a l l y
l o c a t e d  Lago P u e b lo  d eep  i s  t h e  l a r g e r  o f  t h e  two and a t t a i n s
a  d e p th  o f  4 . 4  m i n  t h e  d r y  s e a s o n ,  a b o u t  bO' cm below  h ig h
■water l e v e l  'and t h e  s m a l l e r  P i n t a  d eep  i s  l o c a t e d  i n  t h e
s o u t h e r n  e x t r e m i t y  o f  t h e  pond and a t t a i n s  a  d e p th  o f  2 - 3  ni.
An o u tc r o p  o f  b e a c h  r o c k  i s  p r e s e n t  a lo n g  t h e  e a s t e r n  and
s o u th e r n  r im  o f  Lago P u e b lo .
The e n t i r e  s h e l f  o f  Lago ..Pueblo and t h e  v e r t i c a l
w a l l s  o f  t h e  d e e p s  c o n s i s t  o f  l i g h t  r e d  m a c r o c r y s t a l l i n e
%
gypsum i n t e r b e d d e d  w i th  m in o r  am ounts  o f  c a lc iu m  c a r b o n a te  
i n  t h e  form  o f  c a l c i t e  a s  d e te rm in e d  b y  X -ra y  d i f f r a c t i o n  
( F ig  7 , 8 , 9 ) .  S t r u c t u r a l l y ,  t h e  s u r f a c e  o f  t h e  gypsum mounds
,____  c o n s i s t s  o f  v e r y  low  ro u n d e d  bumps w i t h  a  r e l i e f  o f  l e s s
x-han 1 cm and d i a m e t e r s  o f  a b o u t  1 cm. On t h e  E a s t  s i d e  o f4
Lago P u eb lo  deep  t h e r e  a r e  p i n n a c l e s  r i s i n g  from  th e  b o tto m  
w h ich  c o n s i s t  e n t i r e l y  o f  r e d  m a c r o c r y s t a l l i n e  gypsum and 
a r e  u p  t o  2 m w id e .  I n  g e n e r a l ,  t h e s e  p i n n a c l e s  a r e  a b o u t  
3 m away from  t h e  v e r t i c a l ' 'W a l l s  o f  t h e  d e e p  ( F ig  1 0 ) .  Only 
one su ch  p i n n a c l e  was o b s e rv e d  i n  P i n t a  d e e p .
I n  May 1976 , when t h e  l e v e l  o f  t h e  w a t e r  was low* 
ro u n d e d  l i g h t e r  s t r u c t u r e s  c o n t r a s t i n g  w i t h  t h e  d a rk  
b a c k g ro u n d  w ere  o b s e r v e d .  I t  i s  b e l i e v e d  t h a t  t h e y  a r e  a l s o
w
'  f
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Fig 7 Red m a c r o c r y s t a l l i n e  gypsum c r u s t  on t h e  
s h e l f  o f  Lago P u e b lo  s o l a r  pond . The b l a c k i s h  
brow n s tem s  a r e  pupae  o f  m a r in e  f l i e s .
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F ig  8 . Fed m a c r o c r y s t a l l i n e  gypsum c r u s t  on t h e  
s h e l f  o f  Lago P u eb lo  s o l a r  pond . C lo s e -u p  o f  
gypsum m ounds.
I




F ig  9 . V e r t i c a l  w a l l  i n  Lago P u e b lo  deep  c o n s i s t i n g  
e n t i r e l y  o f  r e d  m a c r o c r y s t a l l i n e  gypsum.
&





























































































• p i n n a c l e s  i n  an  e a r l y  s t a g e  o f  g ro w th .  Gypsum i n  t h e  s h e l f  
r
o c c u r s  i n  e i t h e r  o f  two s t r u c t u r a l  fo rm s :
a )  Rounded mounds ( F ig  1 1 ) .
b )  P o ly g o n a l  p l a t e s  ( F ig  1 2 ) .
*
Rounded gypsum mounds a r e  m a in ly  c o n c e n t r a t e d  on
t h e  c e n t r a l  and e a s t e r n  s h e l f  o f  Lago P u e b lo .  They c o n t a i n  a
n u c l e u s ,  su ch  a s  a ' s h e l l ,  o r  d i s c a r d e d  v i l l a g e  d e b r i s
e n c r u s t e d  w i th  l a y e r s  o f  gypsum.
I n  th e  d r y  s-eason t h e  w a te r  l e v e l  o f  t h e  pond d ro p s
a b o u t  is-0 -5 0  cm and e x p o s e s  p o ly g o n a l  p l a t e s  w h ich  a r e  m a in ly
c o n c e n t r a t e d  a lo n g  t h e  n o r t h e r n  and e a s t e r n  s h e l f  o f  Lago
P u e b lo .  The w a te r  l e v e l  a t  t h i s  t im e  m arks  t h e  b o u n d a ry  a t  
*
w hich  p o ly g o n a l  p l a t e s  o c c u r .  The p o ly g o n a l  p l a t e s  r a n g e  i n  
s i z e  from  1 -3  m i n  d i a m e t e r  and a r e  b o r d e r e d  by  p r e s s u r e  r i d g e s .  
Many o f  t h e s e  a r e  f r a c t u r e d  a lo n g  t h e i r  c r e s t  ( F ig  13)*
P o ly g o n a l  ' p l a t e s  and p r e s s u r e  r i d g e s  a r e  f r e q u e n t  
f e a t u r e s  o f  d r y  s a l a r  and p l a y a  s u r f a c e s  a r e  g e n e r a l l y  
assum ed t o  d e v e lo p  u n d e r  d ry  s u r f a c e  c o n d i t i o n s .  K u r l b e r t  
(1 9 ?6 )  d e s c r i b e d  s i m i l a r  p o ly g o n a l  p l a t e s  {$ -1 5  m d i a m e te r )  
o f  gypsum b u c k le d  upw ard i n t o  p r e s s u r e  r i d g e s  and o v e r t h r u s t  
s l a b s  i n  Lago V erde  and Lago F la c o  l o c a t e d  i n  S a l a r  de 
C a r c o te  o f  t h e  C h i l e a n  a l t i p l a n o  a t  an  e l e v a t i o n  o f  3 1 6 9 0 ^*1̂ ^  
above  s e a  l e v e l .  E x p a n s io n  o f  a n h y d r i t e  (CaSQ.^) on a l t e r a t i o n  
t o  gypsum (CaSO^^K^O) was s p e c u l a t e d  t o  b e  in v o lv e d  i n  t h e
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^  11 -Rounded mounds o f  r e d  m a c ro c ry s ta T lL n e  gypsum 
ne  t h e  s h e l f  I n  Lago P u e b lo .  •
\
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
F ig  1 2 . Gypsum p r e s s u r e  r i d g e s  exposed  d u r i n g  th e  
d r y  s e a s o n  b o r d e r  p o ly g o n a l  p l a t e s  on t h e  n o r t h  
.and e a s t e r n  s h e l f  o f  Lago P u e b lo .  N o t ic e  f r a c t u r i n g  
i n  s e v e r a l  o f  t h e  p r e s s u r e  r i d g e s .
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_. F ig  1 3 . P o ly g o n a l  p l a t e s  o f  m a c r o c r y s t a l l i n e
gypsum ex p o sed  d u r in g  t h e  d r y  s e a s o n  a r e  "bordered 
by p r e s s u r e  r idges_ .
2 o i -  c u  /-?£ R  P / f  o  /  0
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f o r m a t i o n  o f  t h e  p r e s s u r e  r i d g e s .  Such a n h y d r i t e  h y d r a t i o n  
• w ou ld  c a u s e  a  26% i n c r e a s e  i n  v o lu m e . Such p r im a r y  a n h y d r i t e  
was n o t  fo u n d  i n  Lago Pueblo*-*' *
The gypsum c r u s t  shows a  l a m i n a t e d  s t r u c t u r e  f o r  
' t h e  o u te r m o s t  few m i l l i m e t e r s ' ’ t o  c e n t i m e t e r s ,  and a  more 
' m a s s iv e  i n t e r i o r  s t r u c t u r e  ( F ig  1^ ) .  The o u t e r  l a m i n a t i o n s  
.a lw a y s  c o n t a i n  a  g r e e n  and r e d  l a y e r  o f  b a c t e r i a
- jy
i n t e r l a y e r e d ‘w i t h i n  t h e  gypsum.
Two t y p e s  o f  g y p s u m - c r y s t a l s  hav e  b e e n  o b s e rv e d
■% ' ,*
i n  Lago P u e b lo :
& • a )  E u h e d r a l ,  . the  m o st c o m m o n 'ty p e , -o c c u r s  on t h e  s u r f a c e  o f  
t h e  gypsum c r u s t  ( F ig  15) and a r e  m o s t  p e r f e c t l y  form ed 
when o c c u r i n g .o n  t h e  f r e e  u n d e r s u r f a c e  o f  any c r u s t  o r  mound 
- ' g ro w in g  p u t  i n t o  t h e  b r i n e .  A .g re e n  c o l o r a t i o n  u s u a l l y  
^ a c c o m p a n ie s  t h i s - p o s i t i o n  ( F ig  1 6 * 1 7 ,1 8 ) .
,b )  F ra m b o id a l  c r y s t a l s  a r e  a l s o  p r e s e n t  on th e .g y p su m  c r u s t  
l i n i n g  t h e  s h e l f  b u t  a r e  v e r y  r a r e  ( F ig  1 9 .2 0 ) .
<0
ec
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»
F ig  14. The gypsum c r u s t  shows a  l a m in a t e d  s t r u c t u r e  
i n  t h e  o u te r m o s t  c e n t i m e t e r  and a  r e c r y s t a l l i s e d  
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F ig  16 . W ell d e v e lo p e d  e u h e d r a l  gypsum c r y s t a l s  
o c c u r  on t h e  u n d e r s u r f a c e  o f  t h e  gypsum c r u s t .  
N o t ic e  t h e i r  g r e e n  c o l o r a t i o n .
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F ig  1 7 . W ell fo rm ed e u h e d r a l  gypsum c r y s t a l s -  o c c u r  
on t h e  u n d e r - s u r f a c e  o f  t h e  gypsum c r u s t .
P / t O / O
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F ig  7.8. C lo s e -u p  v iew  q f  w e l l  fo rm ed  e u h e d ra l  
gypsum c r y s t a l s .
P r f o T O
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Fig 19 . Rare frainboidal gypsum crystals.
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F ig  2 0 . C lo s e -u p  v iew  o f  f r a m b o id a l 'Sum c r y s t a l s
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-  SAMPLING AND ANALYTICAL METHODS 
S am p lin g
The f i r s t  s e t  o f  w a te r  s am p les  was c o l l e c t e d  i n  
December 1975 hv t h e  w r i t e r  t o g e t h e r  w i th  P .S o n n e n f e l d , P.
V
Hudec and A .T u re k .  A d d i t i o n a l  s a m p l in g  was done on
May 1 , J u n e -14, J u l y  5 , A ugus t 8 and December 1976 by t h e
w r i t e r .
The December 75 s e t  o f  sam p les  was c o l l e c t e d  o v e r  
Lago P u e b lo  a t  2 f t .  ( 6 l  cm) i n t e r v a l s  down t o  16  f t .  (^87
<r
cm) on two c o n s e c u t i v e  d ay s  u s i n g  a  d i s p l a c e m e n t  s a m p l in g  
b o t t l e .  S u r f a c e s  sam p les  w ere  c o l l e c t e d  m a n u a l ly  by d ip p in g  
a  p o l y e t h y l e n e  b o t t l e .  Sam ples w ere  a l s o  t a k e n  by hand  t o  a  
maximum d e p th  o f  70 cm from  t h e  s u r f a c e .  The s u b s e q u e n t  
s a m p l in g  was done o v e r  b o th  d e e p s  ( i . e .  Lago P u eb lo  deep  and 
P i n t a  d e e p )  u s i n g  t h e  d i s p l a c e m e n t  s a m p l in g  b o t t l e .  The 
d e p th s  o f  sa m p le s  c o l l e c t e d  was i n i t i a l l y  g o v e rn e d  by 
s a l i n i t y  p r o f i l e s  a s  d e te r m in e d  u s i n g  th e  YSI model 33 
S a l i n i t v - C o n d u c t i v i t y - T e m p e r a t u r e  (S -C -T ) m e te r .  F o r  A ugust 
and  December 76 a  sam ple  i n t e r v a l  o f  5° cm was u s e d .  The 
w a te r  s a m p le s  w ere  s t o r e d  i n  p o l y e t h y l e n e  b o t t l e s - 2  s e t s  o f  
sa m p le s  b e i n g  t a k e n .  w a t e r  s am p les  w ere  p re v e n te d -  from
- e v a p o ra t io n  by u s i n g  t e f l o n  t a p e .  About one h o u r  a f t e r  
c o l l e c t i o n ,  a l l  sam p les  w ere  f i l t e r e d  i n  b a s e  camp u s i n g  a
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S a r t o r i o u  M i l i p o r e  4- u f i l t e r ,  t o  rem ove su sp e n d e d  m a t t e r ,  
i n c l u d i n g  p l a n k t o n  m a t t e r .  A lso  i n  t h e  s a m p le s  c o l l e c t e d  i n  
December 75 . fo rm a ld e h y d e  ( 2 . d r o p s  o f  20%) was added  to  one 
s e t  o f  s a m p le s  i n  o r d e r  to  i n h i b i t  b i o l o g i c a l  a c t i v i t y  w hich  
c o u ld  a f f e c t  s p e c i a t i o n .
In  a d d i t i o n  t o  t h e  c o l l e c t i o n  o f  sa m p le s  f o r  
s u b s e q u e n t  l a b o r a t o r y  w ork, s e v e r a l  m e asu rem en ts  w ere t a k e n  
i n  t h e  f i e l d .  T e m p e ra tu re ,  s a l i n i t y  and c o n d u c t i v i t y 'w e r e  
m easu red  u s i n g  t h e  (S-C -T ) i n s t r u m e n t .  T h is  i n s t r u m e n t  was 
m o d i f i e d ,  by a d d i t i o n  o f  a  r e s i s t o r ,  g i v i n g  10 f o l d  s c a l e  
e x p a n s io n ,  i n  o r d e r  to  m easu re  t h e  v e r y  h ig h  s a l i n i t y  and 
c o n d u c t i v i t y  o f  t h e  b r i n e s .  However, e r r a t i c  r e a d i n g s  w ere  
e n c o u n te r e d  w i th  t h i s  i n s t r u m e n t ,  due t o  p r e c i p i t a t i o n  o f  
a i r b o r n e  s a l t s  i n s i d e  t h e  i n s t r u m e n t  and on t h e  . p t i n t e d  
c i r c u i t  b o a r d s .  H ence, t h e  s a l i n i t y  and  c o n d u c t i v i t y  
m easu rem en ts  had  t o  be  ab an d o n ed .  N issenbaum  ( 1 9 6 9 } a l s o  
e n c o u n te r e d  s i m i l a r  p ro b le m s  w i th  s i m i l a r  equ ipm en t i n  t h e  
Dead S e a .  I n  a d d i t io n ,D e c e m b e r  75 and 76 t e m p e r a tu r e  
m easu rem en ts  were, t a k e n  ^ i- th  a  C o le -P a rm e r  E l e c t r o n i c  
_  th e rm o m e te r  w h ich  was found  t o  be  m ore r e l i a b l e .
n  A Hach C h em is try  K i t  DR-EL was u s e d  i n  t h e  a t t e m n t
t o  m easu re  i n  t h e  f i e l d  v a r i o u s  c h e m ic a l  c o n s t i t u e n t s ,  i n  
p a r t i c u l a r ,  COg, HgS, SO^- and N0^~. The d e t e c t i o n > r a n g e  f o r  
CO2 i s  0 -100  m g / l  b u t  no COg was d e t e c t e d  i n  t h e  w a te r  column 
d u r i n g  t h e  d ry  s e a s o n .  No H^S r e a d i n g  was o b ta in e d  from  th e  
w a te r  column d u r i n g  t h e  d r y - s e a s o n  b u t  t h e  p r e s e n c e  o f
4
3* ^  ' -
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s u l f a t e  r e d u c i n g  b a c t e r i a  i n  t h e  b o t to m  muds w e re  c o n f i rm e d
when t h e  s e d im e n t  g r a b  sam p le s  was r a i s e d  t o  t h e  s u r f a c e ,
and HgS o d o r  was e a s i l y  d e t e c t e d .  The H^S f o rm a t io n  i s
a t t r i b u t e d  to  b a c t e r i a l  breakdow n o f  s u l f a t e .  K le in  (1970)
fo u n d  maximum H2 S c o n c e n t r a t i o n ,  up t o  10 m l / l , i n  t h e
9
s o l a r  pond i n  I s r a e l  d u r in g  maximum s t r a t i f i c a t i o n .  He found  
no H2S d u r in g  h o m o g e n e i ty  o f  t h e  w a t e r  co lum n. A f t e r  
h o m o g en e ity  i s  e s t a b l i s h e d  any t r a c e s  o f  H2S w ould be 
c o n v e r t e d  to  s u l f a t e  by o x i d a t i o n ,  a s  a tm o s p h e r i c  oxygen 
i s  now p r e s e n t  i n  t h e  w a t e r  colum n.
N0^~ and S 0 _̂ v a l u e s  w ere  h i g h l y  v a r i a b l e  i n  
r e p e a t e d  a n a l y s e s :  i n  Lago Pueb lo  deep  i n  Ju n e  76 a t  a  d e p th  
o f  220  cm t h e r e  w ere  5 . 9 - 1 0 . 0  m g /l  N0^~ and 1 3 *5 - 2 3 . 5  m g / l  
' S0^- . Such f l u c t u a t i o n s  a r e  m a in ly  due t o  t h e  d i f f i c u l t y  o f  
c o n t r o l l i n g  s u s p e n s io n s  d u r in g  a n a l y s e s ,  w h ich  i s  a  f u n c t i o n  
o f  t h e  r a t e  o f  s h a k in g  o f  t h e  s o l u t i o n s .  The d e t e r m i n a t i o n  
o f  NO^-  s u f f e r e d  from  i n t e r f e r e n c e  by t h e  h ig h  c o n c e n t r a t i o n  
o f  c h l o r i d e  (E ach  m ethods  m an u a l)  w hich  r e a c h e d  160  g / l  
to w a rd  t h e  end o f  t h e  d r y  s e a s o n .  C l e a r l y ,  t h e  a p p l i c a t i o n  
o f  t h e  Hach C h e m is try  K i t  f o r  f i e l d  a n a l y s e s  i s  n o t  
r e l i a b l e  f o r  h i g h l y  c o n c e n t r a t e d  b r i n e s .
Sam ples o f  t h e  b o tto m  muds w ere  t a k e n  i n  May and 
December 76 u s i n g  a  g ra b  s a m p le r  ( P ig  21) w hich  was 
s p e c i a l l y  made f o r  t h i s  p u rp o s e  a t  t h i s  U n i v e r s i t y .  These  
mud sa m p le s  w ere  t r e a t e d  w i th  fo rm a ld e h y d e  i n  t h e  f i e l d  to  
. i n h i b i t  b a c t e r i a l  a c t i o n .  I n  t h e  s h e l f  a r e a  o f  t h e  pond




F ig  2 1 .  S ed im en t s a m p le r  u s e d  f o r  c o l l e c t i n g  mud 
from t h e  b o tto m  o f  t h e  d e e p s .  S ed im en t f a c i e s  can  
be  o b s e r v e d  i n  t h e  jaw s o f  t h e  s a m p le r  upon 
r e t r e v a l  from  Lago P u eb lo  d e e p ,  a  b l a c k  c o l l o i d a l  
u n i t  o v e r l y i n g  a  l i g h t  b ro w n ish  one w h ich  i s  more 
co m p ac ted .
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gypsum” c r u s t ,  s a m p le s  w ere  t a k e n  by  hand  a s  t h e  d e p th  
w a te r  was on t h e  a v e ra g e  70 cm.
\
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A n a lv t ic a l_ M e th o d s
■*
W ater  s a m p le s  c o l l e c t e d  a s  d e s c r i b e d  above w ere
a n a ly s e d  f o r  t h e  f o l l o w i n g  e le m e n ts :  C l ,  Na, Ca, Mg, K, L i ,
♦ *
and F .
^ C h e m i c a l  a n a l y s i s  o f  s e a  w a t e r ,  a n d ,  s i m i l a r l y ,  
s o d i u m 'c h l o r i d e  b r i n e s ,  p r e s e n t s  num erous . t e c h n i c a l  
p ro b le m s .  T h is  s u b j e c t  h a s  r e c e n t l y  b e e n  re v ie w e d  by ^
Ja m ie s o n  and Mac K innon (1977)* S ea  w a te r  i s  e s s e n t i a l l y  a  
v e r y  s im p le  s o l u t i o n  w h ich  c o n t a i n s  3-5?° d i s s o l v e d  s o l i d s .  
M ost o f  t h i s  i s  NaCl. I t  i s  p r e c i s e l y  t h i s  h ig h  NaCl c o n t e n t  
r e l a t i v e  t o  a l l  o t h e r  c o n s t i t u e n t s  t h a t  g i v e s  r i s e  to  
a n a l y t i c a l  p ro b le m s ,  p a r t i c u l a r l y  i n  t h e  d e t e r m i n a t i o n  o f  
t r a c e  e l e m e n t s .
The d e t e r m i n a t i o n  o f  c h l o r i d e  was done by t h e  
V o l h a r d ’s  s i l v e r  n i t r a t e  t i t r a t i o n  (T urek  and R id d le ,  1977)* 
F l u o r i d e  d e t e r m i n a t i o n  was done by s e l e c t  io n
i
t &
e l e c t r o d e  u s i n g  an  O rio n  9 6 -0 9  c o m b in a t io n  f l u o r i d e  and 
r e f e r e n c e  e l e c t r o d e  c o n c e n t r a t i o n  r a n g e  o f  1M t o  10” ^M and  a  
pH m e te r  (Van Loon, 1 9 6 8 ) .
D e te r m in a t io n  o f  s u l f a t e  i n  t h e  b r i n e s  was 
i n v e s t i g a t e d  by  i n d i r e c t  a to m ic  a b s o r p t i o n  s p e c t r o s c o p y  
(Dunk e t  a l , 1 9 6 9 ) .  I n  t h i s  t e c h n i q u e  an  a c c u r a t e l y  
m easu red  e x c e s s  o f  b a r iu m  c h l o r i d e  s o l u t i o n  i s  added t o  t h e
sam ple  and t h e  u n r e a c t e d  e x c e s s  bazrium i s  d e te rm in e d  by
\
a to m ic  a b s o r p t i o n .  The amount o f  s u l f a t e  p r e s e n t  i n  t h e
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sam p le  i s  the* c a l c u l a t e d  from  t h e  amount o f  b a r iu m  d i r e c t l v  
d e te r m in e d .  T h is  m ethod w orked w e l l - fo r  s t a n d a r d s  a s  was v- ■.
e v i d e n t  from  t h e  l i n e a r  c a l i b r a t i o n  c u r v e s ,  b u t  i t  d i d  n o t  
w o r k ' f o r  t h e  b r i n e  s a m p le s .  V a r i a t i o n s  i n  c o n c e n t r a t i o n  o f  
a s  much a s  50% i n  s o l u t i o n s  o f  t h e  same b a t c h  o f  b r i n e  
sam p les  p r e p a r e d  a t  two d i f f e r e n t  t im e s  w ere  a lw ays  
e n c o u n te r e d .  I t  i s  b e l i e v e d  t h a t  t h e s e  v a r i a t i o n s  a£ e  c a u se d  
by. t h e  h ig h  c o n c e n t r a t i o n  o f  s a l t s  i n  t h e  b r i n e s ,  s i m i l a r ' -  
p ro b le m s  w ere  e n c o u n te r e d  u s in g  t h i s  p r o c e d u re  on s u l f a t e  
w a t e r s  from  3 r i t i s h  C o lu m b ia - la k e s  (G. M a r z e t t i ,  p e r s .  
commun.). *
Atomic a b s o r p t i o n  s p e c t ro p h o to m e t r y  was u s e d  tC
d e te rm in e d  Na, Cat. Mg, K, and L i .  A b s o rp t io n  was u s e d  f o r  Ca
and Mg, w h i l e  t h e 'e m i s s i o n  mode was employed f o r  Na, K and
L i . 'The a to m ic  a b s o r p t i o n  i n s t r u m e n t  u s e d  Jin t h i s  s t u d y  was
a  V a r ia n  T e c h t ro n  m odel AA-5 s p e c t r o p h o t o m e t e r .  The b r in e -
sam p les  w ere  r u n  a g a i n s t  i o n i c  s t a n d a r d s .  The v a r i a t i o n
be tw een  r e - r u n s  o f  t h e  same sam ple  was a b o u t  5% o r  l e s s .
*D i l u t i o n  f a c t o r s  f o r  t h e  sa m p le s  r a n g e d  from  5 f o r  L i  "to 
6 5 7 .6 7 0  f o r  Na. Two d i l u t e r s  w ere  u s e d  f o r  t h i s  p r o c e d u r e ,  a  
Hooker and T u c k er  v a r i a b l e  d i l u t e r  w i t h  a  2 -1 0  d i l u t i o n  r a n g e  
and a  F i s h e r  D ilu m a t  d i l u t e r  model 2 4 l  w i th  a  f i x e d  d i l u t i o n  
f a c t o r  o f  $0 .  . - <?
As p o i n t e d  o u t  ab o v e ,  t h e r e  a r e  num erous p ro b le m s  
i n  t h e  c h e m ic a l  a n a l y s i s  o f  s e a  w a te r ' ,  t h i s  i s  e q u a l l y  t r u e  
f o r  a to m ic  a b s o r p t i o n  s p e c t r o p h o to m e t r y ,  a s  was f i r ? t  r e p o r t e d
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by  F abricand"  (,1962). One o f  t h e  m o s t  t r o u b le s o m e  p ro b le m s  i s  
c a u s e d  by  t h e  h i gh NaCl c o n t e n t  o f  b r i n e s . T h is  t e n d s  to  
.✓ p r e c ip i ta te  on t h e  b u r n e r  and c l o g  i t ,  l e a d i n g  t o  a
V -
d e c r e a s e  i n  i n t e n s i t y .  I n  s i t u a t i o n s  where-£s_ample d i l u t i o n  
i s  r e q u i r e d  ( e .g . - i n  t h e  d e t e r m i n a t i o n  o f  Na) t h i s  e f f e c t  d s  
n e g a te d  by  t h e  d i l u t i o n .  When, h o w ever ,  low  d i l u t i o n s  o r  no 
d i l u t i o n s  w ere  r e q u i r e d ,  b u r n e r  c lo g g in g  w ould  o c c u r  a f t e r  
r u n n in g  a b o u t  t e n  s a m p le s .  The b u r n e r  had  t o  b e  changed  and 
t h e  s t a n d a r d s  had  t o  'be r e - r u n .
A n o th e r  s e r i o u s  p ro b lem  i n  m easu rem en t o f  some
o
e le m e n t s  ( t h o s e  t h a t  a b s o rb  a t  l e s s  t h a n  3000A -  e . g .  Zn and 
Fb) i s  t h a t  t h e  h ig h  NaCl c o n t e n t  o f  t h e  b r i n e s  p ro d u c e s  
n o n - a to m ic  a b s o r p t i o n  w h ich  ca n  en h an ce  a b s o rb a n c e  and g iv e  
a n o m a lo u s ly  h ig h  v a l u e s .  W ith o u t  b a c k g ro u n d  a b s o r p t i o n , '  t h e  
v a l u e s  f o r  Cu w ere  fou n d  t o  b e  h0%> t o o  h i g h ,  w h i l e  Mn was 
100% t o o  h i g h .  T ra c e  e le m e n t  a n a l y s e s  on Los Roques b r i n e s  
(S o n n e n fe ld  e t .  aL , 1976) w ere  n o t  c o r r e c t e d  f o r  b ac k g ro u n d  
a b s o r p t i o n  and a r e  p o s s i b l y  i n  error^/ ' Thi s  b ack g ro u n d  
- a b s o r p t i o n  can  be  c o r r e c t e d  u s i n g  a  h y d ro g e n  con tinuum  lam p . 
M easurem ents  o f  t r a c e  m e ta l  c o n c e n t r a t i o n s  w ere  t r i e d ,  u s i n g  
t h i s  lam p f o r  b ac k g ro u n d  c o r r e c t i o n .  I n  t h e  V a r ia n  T e c h t ro n  
AA-5 u s e d ,  t h e  h y d ro g e n  lam p had t o  b e  p l a c e d  i n  one o f  t h e  
f o u r  q u a d r a n t s  p r o v id e d  f o r  t h e  e le m e n t  lam p s  i n s t e a d  o f  i n  
a  s e p a r a t e  u n i t  a t  r i g h t  a n g l e s  t o  t h e  e le m e n t  lam p . T h is  
p r o c e d u r e  p ro d u c e d  f l u c t u a t i o n s  i n  lam p v o l t a g e s  a s  t h e  lam ps 
w ere  s w i tc h e d  b ack  and f o r t h .  A one p e r  c e n t  change i n  lamp
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v o l t a g e  c a u s e s  e r r o r s  up t o  50^* T h e r e f o r e ,  no t r a c e  e le m e n t  
a n a l y s e s  o f  t h e  t r i n e s  w ere  made i n  t h i s ^ t u d y .  I n  t h e  . 
f u t u r e ,  d e t e r m i n a t i o n  o f  t r a c e  e le m e n ts  i n  t r i n e  s o l u t i o n s  
s h o u ld  be  a n a ly z e d  t v  a to m ic  a t s o r p t i o n  s p e c t r o p h o to m e t r y  - 
v- a f t e r  c o m p lex in g  w i th  ammonium p y r o l i d i n e  d i t h i o c a r t a m a t e  
(APDC) and e x t r a c t i o n  w i th  m e th y l  i s o t u t y l  k e to n e  (MI3K)' 
(B rooks  e t  a l ,  1 9 6 7 ).* M o reo v e r ,  e x t e n s i v e  r e s e a r c h  i s  
p r e s e n t l y  i n  p r o g r e s s  t y  t h e  N a t io n a l  R e s e a rc h  C o u n c i l  o f  
Canada i n  B e d fo rd  I n s t i t u t e  o f  O ceanography , u s i n g  c o u p le d  
i n d u c t i o n  a rg o n  p lasm a  e m is s io n  s p e c t r o s c o p y  t o  overcom e 
some o f  t h e  p ro b le m s  m e n t io n e d  a to v e  i n  t h e  a n a l y s e s  o f  s e a  
w a te r -  *
D e n s i ty  m e asu rem en ts  w ere  done u s i n g  a  25 i d  
p y c n o m e te r ,  t e m p e r a t u r e  c o r r e c t i o n s  t e i n g  a p p l i e d .  The 
r e f r a c t i v e  in d e x  o f  t h e  t r i n e s  was d e te rm in e d ,  u s i n g  an  Abbe 
r e f r a c t o m e t e r  and t h e  a c c u r a c y  o f  t h e  r e s u l t s  was t e t t e r  
t h a n  1 fo. The pH was m ea su re d  u s i n g  a  Beckman C e n tu ry  SS-1 
m e te r  t o  -  0 . 05»U inits .
The a n a l y s e s  o f  t h e  s e d im e n ts  w ere  d e te r m in e d  .as 
t o t a l  e l e m e n ta l  c o n c e n t r a t i o n  and w ere  c a r r i e d  o u t  t y  a to m ic  
a t s o r p t i o n  s p e c t r o p h o to m e t r y ,  and no .m ajor p ro b le m s  w ere  
e n c o u n te r e d .  The sa m p le s  w ere  f i r s t  d r i e d  a t  105°C and  w ere  
t h e n  d i s s o l v e d  u s i n g  KF/HC10^ (S h a p iro  and B ran n o ck ,  1 9 6 2 ) .  
The p r o c e d u r e  fo l lo w e d  w ere  t h e  s t a n d a r d  r o c k  a n a l y s e s  scheme 
a s  u s e d  i n  t h i s  l a b o r a t o r y  (T u rek  and R i d d l e ,  1 9 7 7 ) .  X -ray
with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
4-0
d i f f r a c t o g r a m s  o f  s e d im e n t  s a m p le s ,  gypsum c r u s t  and  h a l i t e  
w ere  p e r fo rm e d  w i th  a  P h i l i p  Pw 1050 / 25 d i f f r a c t o m e t e r .
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M erom ix is  ( th e  p r o c e s s  l e a d i n g  t o  a m e ro m ic t ic
pond) i n  Lago P u eb lo  i s  ’a ’ r e s u l t  o f  i n f lo w  o f  s e a  w a te r  w i t h
m in o r  r a i n  w a t e r  d u r in g  th e  w et s e a s o n  w hich  o c c u r s  b e tw een
b e tw een  O c to b e r  t o  December ( F ig  2 2 ) .  At t h i s  t im e  maximum
d e n s i t y  s t r a t i f i c a t i o n  i s  d e v e lo p e d  and  t h r e e  d i s t i n c t
l a y e r s  a r e  fo rm ed  ( F ig  2 3 ) .  D e n s i ty  v a l u e s  f o r  Lago P u eb lo
deep  r a n g e  from  1 .0 8 5 9  a t  t h e  s u r f a c e  t o  1 .1 7 4 7  a t  t h e  b o tto m .
. *  s u r f a c e  l a y e r  o r  e p i l im n io n  (two t im e s  t h e  c o n c e n t r a t i o n
< o f ' s e a  w a t e r ) ,  a b o u t  70 cm t h i c k ,  i s  s e p a r a t e d  from a h i g h l y
c o n c e n t r a t e d  monimolimnioh. ( a b o u t  s e v e n  t im e s  t h e
c o n c e n t r a t i o n  o f  s e a  w a te r  )\ b y _ a  m ix o l im n i’on o r  m ix in g  zone
o f  h ig h  c o n c e n t r a t i o n  g r a d i e n t .  At t h i s ,  t im e  s u n l i g h t  c a u s e s
a ' s l i g h t  o p a l e s c e n c e  on t h e  top* o f  t h e  d a r k  monimolimni-on
a p p a r e n t l y  due t o  m in u te  c o l l o i d a l  p r e c i p i t a t e s .  Minor
s t r a t i f i c a t i o n  was a l s o  form ed d u r i n g  J u l y  o f  t h e  d ry  s e a s o n
when s i x  c e n t i m e t e r s  o f  r a i n  sh o w ers  f e l l  on t h e  pond . W ith
t im e  t h e  e p i l i m n i o n  i s  g r a d u a l l y  rem oved by e v a p o r a t i o n  and
m ix in g  w i th  t h e  m ix o l im n io n  u n t i l  h o m o g en e ity  o f  t h e  w a te r
column i s  r e - e s t a b l i s h e d .
The much s m a l l e r  P i n t  a' d eep  shows d e n s i t y  
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F i g  2 2 .  H igh w a t e r  l e v e l  m  Lago P u eb lo  d u r in g  t h e  
<
w et s e a s o n ,  December 1973* N o t i c e  a c t i v e  f lo w  o f  
s e a  w a t e r  i n  c h a n n e l s .
V
9
2 0  i- o u  /? 6 R  P/ i  o J o
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F ig  2 3 .  S e a s o n a l ^ v a r i a t i o n s  i n  d e n s i t y  v e r s u s  d e p th  i n  Lago P u e b lo  d e e p  
b r i n e s .  D e n s i ty  s t r a t i f i c a t i o n  i s  p r e s e n t  d u r i n g  t h e  w e t  s e a s o n  (D ec . 75 )  
b u t  n o t  i n  t h e  d r y  s e a s o n  (M ay-A ugust ?6 ) , D ecem ber 75 -* -»  D ecem ber 76  
-D~1 May ?6 -M-f J u n e  ?6 ~ J~ | J u l y  76 -Y -j  A u g u s t  76 ~ A - . (N .B .  T h i s  g r a p h  
and s u b s e q u e n t  s e a s o n a l  p r o f i l e s  a r e  r e f e r e n c e d . t o  c u r r e n t  w a te r  l e v e l s  a s  
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F ig  2k, S e a s o n a l  d e n s i t y  v a r i a t i o n s  r e l a t i v e  t o  v /a te r  column d e p th  i n  P i n t a  d eep .  
D e n s i ty  s t r a t i f i c a t i o n  i s  p r e s e n t  d u r in g  t h e  v/et s e a s o n  b u t  n o t  i n  t h e  d ry  s e a s o n .  
December 76 -D -i May ?6 -M-j* Ju n e  ?6 J u l y  76 -Y -j A ugust 76 -A - ,
s ^ \
annual variations in density of the water column (Fig 23) 
show that.* the density stratification is relatively short 
lived, of the order of-three months. This is in contrast 
to Sonnenfeld et. al. (19?6 ) who thought that the 
stratification persisted through the year.
As expected, parallel changes are observed in the 
refractive indices of brines in both Lago Pueblo deep and 
Pinta deep, as they depend directly on the density*(Fig 25, 
2 6, 26a).
Convection^ in the pond is prevented during the 
wet, season by a salinity concentration gradient in the brine- 
column. Nevertheless, each layer convects internally at 
this time as a result of upward heat flow across the layered 
interfaces. The upper surface of the epilimnion is then’cool 
because of evaporative heat-loses.
In December 76 (approximately l£-2 months after 
ocean water ceased to flow into the pond) (Fig 23) rthe 
epilimnion has become a mixed layer in which salinixy and 
density values remained constant throughout this layer. 
Evaporation of the surface layer caused cooling and a 
temperature gradient was established in this layer. In April 
j the water column had become homogeneous due to convection 
of the entire pond; the pond attained a uniform 
temperature of 27-30°C.
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Fig 25» Seasonal variations in refractive index values relative to water 
column depth in Lago Pueblo deep. The refractive index is directly 
proportional to the change in density.
December 75 -*-l December -D-l May ?6 -M-j June 76 -J-j July 76 
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F ig  2 6 , S e a s o n a l  v a r i a t i o n s  i n  r e f r a c t i v e  in d e x  r e l a t i v e  t o  v /a te r  column 
d e p th  i n  P i n t a  d e e p .  The r e f r a c t i v e  in d e x  i s  d i r e c t l y . p r o p o r t i o n a l  t o  th e  
change i n  d e n s i t y .  . . , .































































The m a r in e  o r i g i n  o f  t h e  h r i n e s  i n  t h e  pond' i s  
i n d i c a t e d  by t h e i r  i o n i c  c o m p o s i t io n  ( T a b le s  ^ ,5 )* . I t  was 
fo u n d  t h a t  s e a  w a t e r  i n  t h e  v i c i n i t y  o f  Los Roques i s  
s l i g h t l y  h i g h e r  i n  d e n s i t y  t h a n  a v e r a g e  s e a  w a t e r .  T h is  
i s  r e f l e c t e d  i n  t h e  s l i g h t l y  h i g h e r  e l e m e n ta l  c o n c e n t r a t i o n s  
o b s e rv e d  f o r  Los Roques s e a  w a t e r .  The o b se rv e d  d i f f e r e n c e  
i s  due t o  t h e  'h i g h e r  e v a p o r a t i o n  r a t e s  p r e s e n t  i n  t h i s  
l o c a l i t y .
x
The s u r f a c e  b r i n e s  o f  Lago P ueb lo  deep  i n  
c o m p a r iso n  t o  Los Roques s e a  w a t e r  show d i f f e r e n t i a l - d e g r e e s  
o f  e l e m e n ta l  conc.en.tr a t  i o n :  Cl ^ . 8 ,  Mg ^ .5 »  Ca 2 . 2 ,  Na 8 . 3 ,
K 7 . 7 , F 1 .0  and  L i  6 .85* A ls o ,  t h e  e l e m e n ta l  r a t i o  o f  
s u r f a c e  t o  b o t to m  i n  Lago P u e b lo  deep  d u r in g  t h e  w e t  s e a s o n  
v a r i e s ' f r o m  1 .1 6  f o r  Cl to  1 . 3 8  f o r  K, 2 .0 8  f o r  Na and 2 .1 5  
f o r  Mg. T h ese  d i f f e r e n c e s  a r e  a  r e s u l t  o f  th e  b r i n e  r e f l u x  
th ro u g h  t h e  b o t to m  s e d im e n t s ,  s u l f a t e  p r e c i p i t a t i o n ,  v 
r e s i d e n c e  t im e  o f  t h e s e  e le m e n ts  and t h e  eb n ip re x ^ a h e m is try  
i n  t h e  b r i n e  m a ss .  \
B o th  Lago P u eb lo  d eep  and P i n t a  deeb  a r e  . J 
c o n c e n t r a t i n g  e le m e n ts  i n  d i f f e r e n t - d e g r e e s  /{T able  6 ) .  T h is  
i s  p r o b a b ly  a  r e s u l t  o f  i n f l u x  o f  an  i n t e r m e d i a t e  
b r i n e  b e tw e e n  s e a  w a te r  and Lago P u e b lo  b r i n e  d u r in g  t h e , d r y  
s e a s o n ,  i n  o r d e r  t o  e s t a b l i s h  h y d r o s t a t i c  e q u i l i b r i u m .  
D i f f e r e n t  r a t e s  o f  i n t e r m e d i a t e  b r i n e  i n f l u x  w ould  be 
o p e r a t i v e  f o r  e ach  deep  i n  Lago P u e b lo .
' B r in e  s u r f a c e  c o n c e n t r a t i o n s  r e f l e c t  t h e  g r a d u a l
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4?«*, d e p t h 3 6 . 0 1 .1 7 0 4 1 - 3 7 3 9 . 1 4 5 7 9 ? 1 1 - ' >3 2 4 0 5 2 “ "372 fC?fc • 1 . 1 3 1 - 7 6
6!T7 c a  d e o t h 3 3 - 0 1 .1 7 4 7 1 0 7 5 0 149-623 2 1 3 9 3 3 1 5 ? 2 f? ? 3 3 6 ? ° 5 1 . 0 3 1 .Q 0
WftV
7 6
S u r f a c e 3 2 . 3 ? .l» 0 1 - 1 7 7 3 1 - 3 7 5 3 1 4 4 5 0 0 1 2 6 5 ? T52 1 5 9 4 J 0 6 1 7 3 2 . 2 4 1 - 7 3
u& c a  d e a t h 3 2 .C 7 . no 1 .3 7 5 2 14? t2 &
1 0 0  c *  d e p t h 1 .3 7 5 2 1 4 3 9 1 3 1 1 4 6 0 3.^4 157341 6 2 7 ? 1 - 1 7 1 . 6 7
2 0 0  c a  d e p t h ' ? ) 10C 2 3 3 6 3 2 57742 6 0 2 5 1 . 2 7 1 - 7 3
7 0 0  c a  d e p t h 1 - 3 7 5 4  . 1 4 4 2 7 5 1 1 6 9 6 r*UZ 2 6 0 2 0 9 _ 3 W 1 . 1 5 1 .6 1
2 7 0  c a  d«r»th 3 1 . 0 7 .  on 1 .1 7 7 2 •
3 0 0  c a  d e p t h 7 - 0 5 1 .3 7 5 4 1 4 3 7 ? 4 1 1 5 2 3 p n * 1 6 4 9 4 4 5 0 2 5 1 . 1 5 1 - 7 4
•*40 c *  d e p th 7 .8 3 1 .1 7 7 7 2 .3 7 5 2 1 4 5 3 9 1 12 5 6 6 l* D * e s 6 ? v o 1 . 1 5 2 . 7 9
J u n .
7 6
S u r f a c e  * 3 2 . 0 7 .7 1 1 .1 7 ? ? 2 .3 7 6 0 2 4 2 7 2 0 1 2 3 2 8 0 3 5 2 6 2 7 0 7 5 8 3 * 1 . 1 5 2 - 7 5
C? c a  d e p t h 7 . 7 0 1 .1 7 4 1 1 .3 7 3 7 1 4 0 4 6 5 1 1 4 * 7
1 6 0  c n  d c n t h 3 1 . 0 7 . 6 8 1 .1 7 7 4 1 .3 7 3 7 H 4 j 7 1 <1 <73 5 0 3 $ 1 . 2 5 1 - 7 0
7 2 0  c a  d e p th 7 . 7 8 2 . 1 ? ? 6 1 - 3 7 3 ? 1 4 1 9 6 7 *
3 0 0  0  d e p t h 3 1 . 0 7 . 7 8 1 .1 * 3 3 1 .3 7 3 9 1 1 6 1 0 o 4 6 157*41 6 0 3 ? 3 * 15 1 - 7 1
**"0 c** d e p t h 7 . 6 0 1 .1 7 0 0 1 . t? 4 2 i t - ' i" - ;
i .n o  »* • ♦»*— th 7 . 7 6 1 . 1 ?«*» 1 ,^ 711!* 2h4**:r 1 1 *♦ 3 4 * '.r * /  <*>^1 /> « ie _ L J < 1 .7 4
J u l .
7 6
S u r f a c e r P .p ' 7 . 6 6 1 .1  < 40 l„ T 6 ? 6 1 2 4 5 6 4 e * ,t? 1 ?3> 14?*U»6 5*^0 1 .7 4 1 . 6 ?
7 0  c a  d e o t h 3 0 . 0 7 . 7 6 1 . 1 56 4 l .V 'Q ? 2 ?<6?1 o^ < 7 r%*% T 5*one c r n r  • 1 .7 6 t . 6 0
l 6 0  c a  d e p th 3 2 .  a 7 . 7 5 1 . 161*7 1 .3 7 0 0 1 3 0 * 3 4 0 * 5 5 ■ « < . l t p 4 ? o 1 . ? ? 1 . 6 7
2 7 0  c n  d e p th 3 2 . 8 7 . 0 2 1 .1 6 7 3 2 .3 7 1 9 1 ? 4 6 6 ? 2 0 3 1 0 1 Of.® 146 0 9 3 1 . 7 0 1 . 7 4
4 0 0  c a  d e p t h 3 3 . 7 7 . 7 6 1 .1 7 2 1 l . ? 7 ? o 1 1 7 < 0 3 1 0 T1 C : * 4 ? 1< »?17 1 . 1 7 1 - 7 3
6  50  c »  d e p th 3 3 .7 7 . 7 3 1 .1 7 0 1 2 .3 7 T 6 l t n * - ? 1 p**U3 : - 4 r K 7 C 5 ? 5 -3 ? 2 .1 5 - 1 . 7 4
AuC.
7 6
S u r f a c e 3 * . 0 7 - 8 2 1 .1 7 9 6 1 .3 7 4 2 1 4 2 0 2 9 1 0 7 2 9 1 1 8 6 ’0 5 2 8 3 5 8 7 8 1 - 2 7 1 -9 C
5 0  c a  d e p th 3 3 . 8 1 .3 7 4 7 l 4 : F « ? ^ 6 ? 1 7 W » iH f ? 1 .1 9 1 . 8 9
1 0 0  c n  d e p th 3 2 . 8 7 - 8 6 1 .3 7 6 6 1 4 7 * 4 7 1 2 6 1 ? : o ? i 1 4 ? '? ? 6 PP5 1 . 1 $ 1 . 9 6
2 0 0  c a  d e p th 3 2 . 5 7 - 8 2 1 .1 7 9 2 1 .3 7 4 4 1 4 1 3 7 9 . l l ? 6 t 1 1 5 ? 1 4 6 1 3 5 6CJ5 1 . 1 ? t .8 6
TOO c a  d e p t h 3 2 - 3 7 - 8 6 1 .3 7 4 8 1 4 3 0 6 5 11 “4 4 o ~ n 163741 6 1 7 7 1 .1 7 1 . 8 9
4 4 0  cm d e p th 3 2 . 3 1 .1 7 9 1 1 .3 7 4 9 1 6 6 4 5 0 9 7 7 ? : “So 1 4 6 l? J S ' '? 1 . 1 5 I . 9 0
D « e .
7 6
S u r f a c e 7 0 . ? 8 . 7 3 1 .1 2 8 2 1 .3 6 3 1 ? 8 l  6 t 6 * 8 ? 2 0 2 4 9 4 0 4 ? 1 - 3 9 1 - 3 7
5 0  c a  d e p th 2P ..0 8 . 2 2 1 .1 2 3 2 1 .3 6 3 2 0 3 6 7 1 7 V -4 1 0 * 0 9 5 *. <v4 4 6 0 9 2 . 3 0 1 0 7
1 0 0  c a  d e o t h 2 8 . 2 0 . 1 5 2 . 1 2 0 ? 2 .3 6 6 4 1 0 1 2 7 4 ? 6 ? 4 l" 7 r 9 9 ftT5 6 6 0 9 2 . 7 * 1 - 3 7
l'JO cji d e p t h 2 5 . 0 1 .1 3 2 6 1 .3 6 5 1 1 0 3 5 7 9 7 7 1 1 2 0 ^ 0 1 o ? 7 7 w- /u*no 1 . 7 0 1 . 4 6
7 0 0  c a  d e p th 3 5 - 5 8 . 0 1 1 .1 4 4 Q . 1 .3 6 6 9 X 1 U 7 5 *U>4? : : i ? 11 5 7 5 0 4X -: 1 - 7 6 1 -5 1
?$G c a  d e p th 3 7 - 5 1 - 1 5 3 3 1 .3 7 2 0 1 2 7 4 7 ? 9* 9 i n < * * 1 . 7 6 1 . 6 ?
TOO c a  d e p th 3 8 . 0 7 . 6 6 1 .1 6 3 6 1 . 3 7 1 : : ? 7 r i c ? ? 1 ? \ t*OK 1 “*"77? 5?T1 I 2 . 6 5
1 5 0  c a  d e p th 3 8 . 0 1 .2 6 3 6 1 - 3 7 1 4 1 2 9 5C0 n o p e I “7*'- :? ? 4 s 4 5 5 3 5 i . r ? 1 . 6 5
4 0 0  c a  d e p th 3 8 . 7 7 . 9 6 1 .1 6 7 8 1 .3 7 1 6 1 2 3 9 0 7 1 0 2  ?f n c i v - c r ? 1 . 1 7 1 . 6 6
L«Vj c a  d e p th  • 7 0 . 0 7 . 6 6 1 .1 7 1 5 1 -3 7 3 1 135T.-Y. n o 4 t 6 1 0 1^ 0757 5 7 3 : 1 - 1 7 1 .7 1
T a b le  4 .  ;Chem ical a n a l y s e s  o f  Lago P u e b lq  d eep  b r i n e s  and Los Roques 
s e a  w a t e r ;  C o n c e n t r a t i o n s  a r e  repo rtecT 'T ri m g / l .
S ta n d a r d  s e a  w a t e r  v a l u e s  a r e  t a k e n  from  G o ld b e rg  (1 9 5 3 ) .


















D at e S o u r c e T C pH D e n s i t y R e f . I n d . rc i Kg. Ca Na K F t l
Dec S t d .  S e a w a t e r ' 1 9 0 0 0 X  13 50 6 0 0 4 0 5 0 0 330 1 . 3 0 0 . . 17
7 6 * I.ou Roques  S . t 1 . 0 2 6 9 20 332 1521 66 9 1 1 32 6 5 8 6 ' , 1 . 3 6  ' 0 . 2 0
jV! i T a c e 2 6 . 0 8 . 1 9 ' V .  1293 1 . 3 6 3 0 10 0 2 1 0 7628 18 6 5 9 7 % 1 3967 1 . 2 8 1 *i*. i • j  +
60  cn  d e p t h ^ 2 6 . 1* 1 . 1 2 9 3 10 065 7 . ■ 77 97 1505 1 06 17 5 1 . 5 3
100  cm d c p t i r ^ 2 0 . 0 0 . 1 2 1 . 1 2 9 3 1 . 3 6 9 0 10,1699 « 0079 15 60 117591 3967 1 . 5 5
120 cm d e p t h 3 7 . 0 1 . 1 3 0 9 1 . 3 6 9 2 1 027 99 - • '/
120 on dep.t lk 3 6 . 0 0 . 0 9 1 . 1 3 0 9 1 . 3'>59 1 00 92 3  / 99 09 1515 l 5 7 061 ' 660.3 1 . 8 3 1 .6 1
2 60  cii d e p t h  \ 3 9 . 0 : .>7.91 1 . 1 9 9 5 1 . 3 6 0 0 1 165 57 . 9 0 7 5 1625 1538,95 6 6 0 0
l ’ * t
1 . 6 6
May S u r f a c e  /
D
3 0 . 3 7 . 3 9 f  1 . 1 7 3 2 1 . 3 7 3 0  ' 1 90 02 5 16 173 7 6 0 8 ? 1 . 1 7 I .78
76 00 cn d o / t h 3 1 . 2 7 . 7 5 1 . 1 7 2 9 1 . 3 7 3 0 ■ 1 59 012 1 71 25 7 6137 1 . 1 5 1176
1 '• 0 cn d e p t h 3 0 . 1 7 . 6  7 I . 1 7 2 9 1 . 3 7 3 6  ■ 13 060 9 187-5 3 1 . ' 6 1 3 7 1 . 1 5 1 . 7 5
2 30  cr: d e p t h , 3 0 . 0 7 . 5 3 l . l ? 2 3 1 . 3 7 3 6 16 0 1 8 5 157361 , 60 37 1 . 1 5 1 . 7 6
Jun St 1 v fa  a  n 3 6 . 0 7 . « 5 1 . 1 7 9 2 1 .3 73 6 -  / 18 186 9 1139 3 868 1 58 08 6 69.39 1 . 1 7
1
1 . 7 6
‘ 76 20  tvi den t i l * P ,P 7.-57 1 . 1 7 2 0 1 . 3 7 3 6 ' 13 8933
160 cn ( t enth J I M 1 . 1 7 3 9 180901 11 306 9 86 16 020 9 6 2 3 3 1 . 2 2 1 .7 9
27 0  cn d e p t h 3 1 . 0 7 . 6 1 / l . 1757 1 . 3 7 3 5 , 18 071 3 11 263 899 177571 60 37 1 . 1? • 1 . 7 3
J u l S u r f a c f ^ • 3fe'0 7 . 0 9 \ A 56? . 1 . 3 7 1 1 1 2 6 3 5 2 959 1,061 I 6 2 0 5 7 5528 . 1 ?29 1 . 5 9
76 50 cn  d e p t h 3 3 . 0 • 7 . 0 0 1 . 1 5 6 3 1 . 3 6 9 0 1 2 3 6 3 2 95 73 11 68  . 1 63 05 7 • 5397. 1 . 8 2 1 , c k
100 cm d e p t h 3 7 . 0 7 . 0 0 1 . 1 5 6 1 1 . 3 7 0 0  ~ 12 960 7 95 3 0 1083 13 02 19 1 . 2 2 1 .5 2
236 cn  d e p t h 3 9 . 0 7 . 7 5 J s 1619 1 . 3 7 2 0 1 32 252 10353 1091 13 65 32 5163 1 . 1 7 , 1 . 6 5
Aup • ju r f ace . 3 5 . 0 7 . 6 9 1 . 1 7 0 6 1 . 3 7 5 2 19 8 8 2 6 977 2 9 0 8  • 1 9 6 1 3 8 6221 1 . 1 5 1 . 0 3
76 50 cn  d e p t h 3 9 . 1 7 . 0 5 1 . 1 7 8 6 1 . 3 7 5 2 19 967 7 1 13 88 992 1 5 9 1 5 6 6 0 2 5 1 . 2 6 1 . 9 1
100  c;;i d e p t h 3 3 . 0 7 . 0 2 1 . 1 7 3 0 1 . 3 7 9 9  * 1 6 2 7 5 5 9 /.'. 30 9 3 0 13 600 6 5373 1 . 1 5 1 . 9 1
23-6 cti d e p t h 3 1 . 0 7 . 3 5 1 . 1 7 8 0 ■ 1 . 3 7 9 9 1 82 76 2 9 3 6 2 9 7 5 1 3 3 9 0 0 5S ?3 1 . 1 7 1 . 9 0
T a b le  5, Chem ical a n a ly s e s  f o r  P in ta ^ d e e p  b r i n e s  and Los Roques s e a  v /a te r .  C o n c e n t r a t io n s  ^ r e  
r e p o r t e d  i n  m g / l , • ' .
S ta n d a rd  s e a  v/§^er v a l u e s  a r e  t a k e n  from G o ld b erg  ( 1 9 6 3 ),
1 " s e a s o n a l  v a r i a t i o n s  i n  c o n c e n t r a t i o n  o f  e le m e n ts  (T a b le  7 ,8
F ig  2 7 ) .  C l,  Na, Mg, K and L i  a t t a i n  t h e i r  l o w e s t  c o n c e n t r a t i o n
Cl Na K Mg L i F
P i n t a  (2^8 ' cm d e p th ) 2 .2 8 1 .5 7 1 .1 0 1 .2 0 1 .1 0 .1,10
Lago P u eb lo  (2 5 0 -'em d e p th ) 1 . 3 0 1 .3 0 1 .2 8 i . w 1 .1 8 1 .1 0
T a b le  6 .  S u r f a c e  to  b o tto m  v a l u e s  (Dec.. 76) i n  P i n t a  deep  
and Lago P ueb lo ' d e e p ,^ sh o w in g  d i f f e r e n t  d e g r e e s  o f  e l e m e n ta l  
c o n c e n t r a t i o n .  ~-
(a p p .  2x t h a t  o f  n o rm a l s e a - w a t e r )  d u r in g  t h e  w et s e a s o n ,
when s e a  w a te r  i s  f lo w in g  i n t o  t h e  pond . E v a p o r a t i o n ,  and
m ix in g  o f  t h e  e p i l i m n i o n  w i th  t h e  m onim oli'm nic«/ th r o u g h o u t
t h e  d ry  s e a s o n  g r a d u a l l y  i n c r e a s e s  t h e  e l e m e n ta l  
««>
c o n c e n t r a t i o n s  u n t i l  a  maximum i s  r e a c h e d  d u r in g  h o m o g en e ity  
o f  t h e  b r i n e  column-. R a in  sh ow ers  i n  t h e  month o f  J u l y  
t e m p o r a r i l y  h a l t  t h i s  t r e n d .  C a lc iu m , a  n o n - c o n s e r v a t i v e  
e le m e n t ,  shows i t s  lo w e s t '  c o n c e n t r a t i o n  i n  May o f  t h e  d ry  
' s e a s o n .  • • ' ^
The W e ig h te d  a v e r a g e  e l e m e n ta l  c o n c e n t r a t i o n s  i n .  
Lago P u eb lo  deep  ( T a b le s  9 ,1 0  F ig  28) show th e ^ c a lc iu m  
c o n t e n t  t o  b e  l o w e s t  d u r i n g  May and  J u n e .  ' I t  i s  b e l i e v e d  
t h a t  c a lc iu m  i s  p r e c i p i t a t e d  m a in ly  i n  t h e  fo rm  o f  gypsum, 
w i t h  m in o r  c a lc iu m  c a r b o n a t e ,  some t im e  b e f o r e  t h e  month o f  
May. F i e l d  o b s e r v a t i o n s  h av e  shown t h a t  t h e  gypsum c r u s t  
lo o k s  f r e s h e r  d u r in g  t h e  w et s e a s o n  t h a n  i n  t h e  d ry  s e a s o n .
R e p ro d u c e d  with p e rm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
Cl Mg Ca Na* K F L i
Dec 75 6 9 ^ 7 2 .5 5 1 2 8 .4 _ 922 7 9 7 0 9 .9 3 0 1 1 .9 1 .4 6 1 .0 8
Dec 76 101274 7 6 2 4 .3 1 0 1 4 .1 1 0 2 7 2 8 .4 4 4 0 8 .7 1 . 3 9 '1 .5 3
May 76 144500 ■ 11653-1 8 5 2 .2 1 5 9 5 1 9 .8 6 1 2 3 .1 1 .2 4 1 .7 3
J u n  76 142720 1 1 3 2 8 .2 9 3 5 -1 1 6 1 7 8 7 .4 5 8 8 6 .1 1 -1 5 1 .7 5
J u l  76 124564 9 7 5 7 -0 1 0 3 2 .8 1 4 2 8 4 6 .4 5 2 9 0 .3 1 .2 4 1 .6 2
Aug ?6 142029 ■10729.it 1 1 8 3 -5 1 3 5 2 8 3 .2 5 8 7 8 .2 1 .1 7 1 .9 0
T a b le  7 .  S e a s o n a l  v a r i a t i o n s  i n  e le m e n t  c o n c e n t r a t i o n s  i n  
s u r f a c e  b r i n e s  ( m g / l ) .
Cl Mg Ca Na * K y L i
Dec 75 6 9 4 7 2 .5
69 5 7 5 7 5










Dec '76 . 1 .4 6 1 .4 3 1 .1 0 1 .2 9 1 .4 6* 1 .3 2
May 76 . 2 .0 8 2 .1 9 0 .9 2 2 .0  O' 2 . 0 3 1 .6 0
J u n  76 2 .'05 2 .1 3 1 .1 1 ^ . 0 3 1 .9 5 1 .6 2
J u l  76 ■1 . 7 9 1 .8 3 1 .1 2 1 .7 9 1 .7 6 1'.50
Aug 76 2 .C 4 2 . Cl 1 .2 8 1 .7 0 1 .9 5 1 . 7 6
T a b le  8 .  N o rm a liz ed  s e a s o n a l  v a r i a t i o n s  i n  s u r f a c e  
c o n c e n t r a t i o n  o f  e l e m e n t s .  ( The d a t a  was n o r m a l i z e d  
a g a i n s t  t h e  l o w e s t  v a l u e  i n  o r d e r  t o  p r e s e n t  t h e  
d a t a  g r a p h i c a l l y ) .








H 7  1
4
0*92
DEC 75 DEC 76 MAY JUN JUL AUG 76
MONTHS
P ig  27 . N o rm a liz e d  s e a s o n a l  v a r i a t i o n s  i n  e le m e n t  
c o n c e n t r a t i o n ^  i n  s u r f a c e  " b r in e s .  L ow est c o n c e n t r a t i o n  
i s  o b t a i n e d  i n  t h e  w e t  s e a s o n  and h i g h e s t  i n  t h e  d ry  
s e a s o n .  Low c a lc iu m  c o n c e n t r a t i o n  i n  May i n d i c a t e . s
p r e v i o u s  re m o v a l  o f  c a lc iu m .  Ca . . — Li  ------  ;
N a - . - . ;  K . . . . ;  C l  ; Mg — . —  .
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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C l Mg Ca Na K F L i
Dec 75 122063 9 3 9 3 - 2 1 1 4 5 .1 .1 4 1 0 0 4 .9 - 5 1 5 0 .4 1 .2 0 1 .5 7
Dec ?6 1161-57.4 8 8 6 1 . 1 IO5 1 . 7 I I 8 1 3 7 . 7 5001.4* 1 . 2 6 1 .5 4
May 76 144 34-1 1 1 3 2 4 .6 8 6 7 .4 1 6 0 2 0 9 6 0 8 2 .3 1 .1 7 1 .7 5
J u n  76 14-2303.6 # 114-63-6 8 7 3 -9 1 5 9 2 2 2 ’. ^ 6 0 2 4 .4 1 -1 5 1 .7 3
J u l  76 1 3 2 0 5 5 .7 1 0 0 5 3 .9 1 0 1 4 .7 1 4 9 9 4 9 .3 5 6 0 8 .8 1 .2 0 1 .6 8
Aug 76 1 ^ 2 6 0 9 .5 1 0 9 2 0 .7 1 1 0 7 .4 1 4 8 5 4 6 .3 6 0 9 8 :7 1 .1 7 1 .90-
T a b le  9 - S e a s o n a l  v a r i a t i o n s  i n  a v e r a g e  e l e m e n t  c o n c e n t r a t i o n s  .in  
Lago P u e b lp  d eep  b r i n e s .  ( m £ / l f c  (W eig h ted  z v e ? 2.ge' v a lu e s '  yjere 
o b ta i-n e d  by  m u l t i p l y i n g  c o n c e n t r a t i o n  o f  each  l a y e r  by  l a y e r  
t h i c k n e s s ,  r e s p e c t i v e l y . f o r  e n t i r e  w a t e r  column and d i v i d i n g  b y  • 
to * ta l  d e p t h ) .
Cl i-̂ g . Ca Ha X L i
Dec 75 1 2 2 0 6 3
122053
9 3 9 3 .2
9 3 9 3 .2
1 1 4 5 .1
T I5 5 7 I
141005-
141005
5 1 5 2 45 1 5 0 . 4 u s z1 . 5 7
Dec 76 0 .9 5 •0 . 9 4 0 . 9 2 0 . 8 4 0 .9 7 0 . 9 s
May 76 1 .1 3 1 .2 1 O. 7 6 1 . 1 4 1 . 1 8 1 .1 1
Juk  76 1 .1 7 1 . 2 2 O. 7 6 1 .1 3 1 .1 7 1 . 1 0
J u l  7 6 1 .0 8 1 .0 7 0 .8 9 1 .0 6 ' 1 . 0 9 1 . 0 7
Aug 7 6 1 .1 7 1 . 1 6 0 .9 7 1 . 0 5 1.18- 1 . 2 1
1
T a b le l-0 .  N o rm a l iz e d  s e a s o n a l  v a r i a t i o n s  i n  w e i g h t e d  a v e r a g e  
e l e m e n t  c o n c e n t r a t i o n s  i n  Lago P u e b lo  d e e p  b r i n e s .  Low 
c a l c i u m  v a l u e s  d u r i n g  May and  J u n e  o f  t h e  d r y  s e a s o n  
i n d i c a t e  p r e v i o u s  re m o v a l  o f  t h i s  e l e m e n t .
with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
DEC 73 DEC 7 6  MAY 'JUN JUL AUG 76
- ____ .... . MONTHS
F i g  2 8 . N o rm a liz e d  s e a s o n a l  v a r i a t i o n s  i n  w e ig h te d
a v e ra g e  e le m e n t  c o n c e n t r a t i o n s  i n  Lago P u eh lo  deep
"b r in e s .  Low v a l u e s  d u r in g  May and  Ju n e  i n d i c a t e
rem o v a l o f  c a lc iu m  som etim e b e tw e e n  t h e  end  o f  t h e
\
w et s e a s o n  and  t h e  b e g i n i n g  o f  t h e  d r y  s e a s o n .
Ca . .  — . . ;  Na . . . . ;  Mg ------- ; Cl — . ;  K - . - . ;  L i  -
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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C l,  Na, Mg, K and  L i  show an  a n a lo g o u s  t r e n d  i n  s u r f a c  
v a r i a t i o n s  i n  -elem ent, c o n c e n t r a t i o n s .
E le m e n ta l  r a t i o s  a g a i n s t .  Na g iv e  a  h i g h  v a l u e ' o f  
184 f o r  Na/Ca d u r i n g  May and J u n e  i n d i c a t i n g  f u r t h e r  t h a t  
c a lc iu m  had  been- rem oved p r e v i o u s  t o  May i n  t h e  .-dry s e a s o n  
( T a b le s  1 1 ,1 2 ,  F ig  2 9 ) .  A t t h i s  t im e  th e  Na/F- r a t i o  i s  a l s o  
h i g h ,  1 3 7 , 0 0 0 . S i m i l a r  e l e m e n ta l  r a t i o s  - a g a i n s t  p o ta s s iu m ,  a  
c o n s e r v a t i v e  e le m e n t ,  i n d i c a t e  h ig h  r a t i o s  f o r  K/Ca and K/F 
d u r i n g  May and Ju n e  o f  t h e  d ry  s e a s ’on. I n  J u l y  t h e  K/F r a t i o  
was a s  h ig h  a s  i n  May and J u n e  (T a b le  1 3 ,1 4 ,  F ig  3 0 ) .  .Some 
o f  t h e  f l u o r i d e  io n  i s  p r o b a b ly  b e in g  rem oved from  th e  b r i n e  
t o g e t h e r  w i th  t h e  
w a t e r  m ass .
S e a s o n a l  chem ifeL  s t r a t i f i c a t i o n  i s  a  f u n c t i o n  o f  
t h e  d e n s i t y  and i s  r e p r e s e n t e d  by m a jo r  and  m in o r  e le m e n t  
s f o n c e n t r a t i o n s .
C h e m ic a l ly  t h e  b r i n e s  p e r t a i n i n g  t o  e a c h  deep  a r e  
l a t e r a l l y  hom ogeneous. S o d iu m ,th e  m a jo r  c a t i o n ,  a t t a i n s  a  
maximum c o n c e n t r a t i o n  o f  160 g / l  d u r in g  May in -  t h e  d ry  
s e a s o n .  The d o m in an t  a n io n  i s  c h l o r i d e  and a t t a i n s  i t s  
maximum c o n c e n t r a t i o n  o f  l 4 4 g / l  a t  t h e  same t im e .  The h ig h  
c o n c e n t r a t i o n  o f  c h l o r i d e  l e a d s  t o  t h e  f o r m a t i o n  o f  a  h ig h  
d e g r e e  o f  c h l o r i d e  c o m p le x in g  (H e lg e so n ,  1 9 6 4 ) .  The 
d i s t r i b u t i o n  and  c o n c e n t r a t i o n  o f  e le m e n ts  i n  t h e  w a te r  mass 
and b o t to m  s e d im e n ts  w ould  b e  i n  p a r t  d e te r m in e d  by  th e  
d e g r e e  o f  c o m p lex in g  (N issenbaum , 1 9 7 4 ) .
gypsum-;:a n d \b y  p h y to p la n k to n  p r e s e n t  i n  th e
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
5 8
9
N a/C l Na/Mg Na/K Na/Ca Na/F N a/L i
Dec 75 • 1 . 1 6 1 5 . 0 1 2 7 .3 8 1 2 3 .1 4 117504 89 812
Dec 76 1 . 0 2 1 3 .3 3 2 3 . 6 2 1 1 2 .3 3 93760 76713
May 7,6 1 . 1 1 1 4 .1 5 26*34 1 8 4 .7 0 136931 91548
J u n  76 1 . 1 2 1 3 .9 26 ’. 4 1 8 2 . 2 138454 9 2 0 3 6
J u l  76 1 .1 4 ' 1 4 .9 2 6 .7 1 4 7 .8 12495? 89256
Aug 76 1 .0 4 1 3 . 6 2 4 .4 1 3 4 .1 126963 78182
T a b le  I D . .  R a t i o - o f  e le m e n t  c o n c e n t r a t i o n  t o  sod'ium 
a s  t h e  m a jo r  c a t i o n  d e r i v e d  from  t h e  w e ig h te d  *
a v e r a g e  w ^ e r  column c o n c e n t r a t i o n .  High Na/Ca r a t i o s ,  
a r e  p r e s e n t  d u r i n g  t h e  d r y  s e a s o n  and low  v a l u e s  
i n  t h e  w e t s e a s o n .
N a/C l Na/Mg Na/K Na/Ca N a/F N a/L i
Dec. 75 1 . 1 6
1715
1 5 .0 1
13751
2 7 .3 8
27738






Dec 76 0 , 8 8 0 .8 9 0 . 8 6 0 .9 1 0 . 8 0 0 .8 5
May 76 0 . 9 6 0 .9 4 0 . 9 6 1 .5 0 1 .1 7 1 . 0 2
J u n  76 0 .9 7 0 .9 3 0 . 9 6 1 .4 8 1 .1 8 1 . 0 2
J u l  76 0 . 9 8 0 .9 9 O. 9 8 1 .2 0 1 . 0 6 0 .9 9
Aug 76 0 . 9 0 0 .9 1 O. 89 1 .0 9 1 .0 8 0 .8 7
T a b le  12. R a t i o s  o f  e le m e n t  c o n c e n t r a t i o n s  n o rm a l iz e d  
t o  sodium a s  t h e  m a jo r  c a t i o n .










DEC 75 DEC 76 MAY JUL AUG 76
MONTHS
F ig  29 . S e a s o n a l  v a r i a t i o n s  i n  n o rm a l iz e d  r a t i o s  o f  
e le m e n ts  t o  sodium a s  t h e  m a jo r  c a t i o n .  The h ig h  Na/Ca 
r a t i o  d u r in g  May and Ju n e  i n d i c a t e  rem oval o f  c a lc iu m  
som etim e b e tw een  t h e  end o f  t h e  w e t s e a s o n  and th e  
b e g i n i n g  o f  t h e  d r y  s e a s o n .
Na/Ca — ■ ■; Na/F >— . — ; N a / L i  N a/Cl — . .  — ;
Na/K Na/Mg . . . . .
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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K/Gl K/Mg K/Na K/Ca K/F K /L i
Dec 75 0 .0 4 2 0 .5 4 8 .0 3 ? 4 .5 0 4292 3281
Dec 76 0 .0 4 3 0 .5 6 4 .0 4 2 4 .9 6 3969. 3248
May 76 0 .0 4 2 0 .5 2 8
CO0■ 7 .0 1 52?4 3476
Ju n e ?  6 0 .0 4 3 0 .5 2 7 • 0 VjJ CO 7 .1 1 5285 _353^
J u ly ? 6 0 .0 4 3 0 .5 6 4 . 0 3 8 5 . 6 1 - 4766 3364
Aug 76 0 .0 4 3 0 .5 5 9 .041 5 -3 8 5198 3201
T a b le  13. R a t io  o f  e l e m e n t , c o n c e n t r a t i o n  t o  
p o ta s s iu m  a  c o n s e r v a t i v e  e le m e n t  d e r i v e d  from  
t h e  -w e ig h ted  a v e ra g e  w a t e r  colum n c o n c e n t r a t i o n  
High K/Ca r a t i o s  a r e  p r e s e n t  d u r i n g  t h e  d ry  
s e a s o n  and  low  r a t i o s  i n  t h e  w e t  s e a s o n .
K /C l K/Mg K/Na K/Ca K/F K /L i
Dec 76 •043
.043








Dec 75 0 .9 8 0 .9 7 0 .8 8 0 .9 5 1 .0 8 1 .0 1
May 76 0 .9 8  ‘ 0 . 9 4 0 .9 0 1 .4 7 1 .3 3 1 .0 ?
Ju n e  ?6 1 0 .9 3 0 .9 0 1 .4 9 1 .3 3 1 .0 9
J u l y  ?6 1 1 0 .9 0 1 .1 8 1 .2 0 1 .0 4
Aug 76 1 0 .9 9 0 .9 8 1 .1 3 1 .3 1 0 .9 9
T a b le  1 $ .  R a t i o s  o f  e le m e n t  c o n c e n t r a t i o n  
n o r m a l i z e d  t o  p o ta s s iu m  a  c o n s e r v a t i v e  e le m e n t .
























Dec75 may76  June76  J u ly 7 6  Aug?6 Dec7&
Months
F i g  30* S e a s o n a l  v a r i a t i o n s  i n  n o r m a l iz e d  r a t i o s  o f  
e le m e n ts  t o  p o ta s s iu m  a  c o n s e r v a t i v e  e l e m e n t .  High 
K/Ca r a i o  i n d i c a t e s  p r e v i o u s  rem o v a l  o f  c a lc iu m .
K/Ca ------ ; K/F — * K / L i  K /Cl ; K/Mg ;
K/Na .
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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•  '
D u rin g  maximum s t r a t i f i c a t i o n  i n  December 75 c h l o r i d e  
showed t h r e e  d i s t i n c t  l a y e r s  ( F ig  3 1 ) ,  A 60 cm e p i l i m n i o n  w i th  
an a v e r a g e  c o n c e n t r a t i o n  o f  75 g / l  was s e p a r a t e d  by a  1 m 
• t h i c k  m ix o l im n io n ,  f ro m .a  3 m t h i c k  m onim olim nion , w i th  an 
a v e r a g e  c o n c e n t r a t i o n  o f  138 g / l .  I t  i s  a t  t h i s  . t im e  that*  
c h l o r i d e  a t t a i n s  i t s  h i g h e s t  c o n c e n t r a t i o n ,  1^8 g / l  a t  t h e  
b o t to m  o f  t h e  pond .
I n  December ?6 a p p ro x im a te ly -  1 ^ -2  m onths  a f t e r  
i n f l o w  o f  s e a  w a t e r  had o c c u re d  t h e  m ix o l im n io n  was 
. - g r a d u a l l y  d i s a p p e a r i n g .  A t  t h i s - t i m e  t h e  e p i l i m n i o n  was one 
m e te r  th i c k  and homogeneous a s  can  be s e e n  i n  t h e  d e n s i t y  
p r o f i l e  ( F ig  2 3 ) .  C h lo r id e  c o n c e n t r a t i o n  p r o v id e s  o n ly  f a i n t  
c h e m ic a l  e v id e n c e  f o r  t h i s  hom ogeneous l a y e r  ( F ig  3 1 )•
Sodium and p o ta s s iu m  a l s o  p r o v id e  s l i g h t  e v id e n c e  f o r  t h i s  
h o m o g e n e i ty  o f  t h e  e p i l i m n i o n  ( F ig  3 2 ,3 3 ) -
M inor c h l o r i d e  s t r a t i f i c a t i o n  i s  a l s o  o b s e rv e d  
d u r i n g  Ji^Ly a s  a  . r e s u l t  o f  r a i n  sh o w ers  a t  t h i s  t im e .  By May 
76  a l l  c h l o r i d e  s t r a t i f i c a t i o n  had  d i s a p p e a r e d  and  t h e  w a te r  
m ass had  become hom ogeneous.
Sodium a l s o '  showed s t r a t i f i c a t i o n  i n  t h e  w e t s e a s o n  
and  h o m o g e n e ity  i n  t h e  d r y  s e a s o n .  The e p i l im n io n  r e a c h e d  an  •' 
a v e r a g e  c o n c e n t r a t i o n  o f  87 g / l ,  t h e  m onim olim nion  one o f .
! 165  g / l  i n  December 75 ( F ig  3 2 ) .
: L i th iu m  i s  s i m i l a r l y  s e a s o n a l l y  s t r a t i f i e d .
I H om ogeneity  d u r in g  A ugust ?6 r e s u m e d  i n  an  a v e r a g e  l i t h i u m
1 _
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P ig  31* S e a s o n a l  v a r i a t i o n s  i n  c h l o r i d e  c o n t e n t  i n  Lago P u eb lo  d eep  b r i n e s ,  
Maximum s t r a t i f i c a t i o n  d e v e lo p s  d u r in g  t h e  v/et s e a s o n  (Dec. 75)  and t h r e e  
d i s t i n c t  l a y e r s  a r e  d e v e lo p e d .  A 60 cm e p i l im n io n  s e p a r a t e d  from  a  t h r e e  m 
t h i c k  m onim olim nion  by  a  1 m t h i c k  m ix o l im n io n .  M inor s t r a t i f i c a t i o n  i s  
a l s o  d e v e lo p e d  d u r in g  J u l y ,  No s t r a t i f i c a t i o n  i s  p r e s e n t  d u r in g  th e  d ry  
s e a s o n ,  December 75 December 7& - D-j May 76 -M-j j^une /7 6  - J ~ j

















1 9 2 0 0 0  ♦
16*000
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166000
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v Depth (cm) . \
F ig  32. S e a s o n a l  v a r i a t i o n s  i n  Sodium c o n t e n t  i n  Lago P ueb lo  d eep  b r i n e s  
S t r a t i f i c a t i o n  i s  p r e s e n t  d u r in g  t h e  w et s e a s o n .
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Depth ( cm) A  ^
>1:
4 ^  "Fi'g 3 3 • 'S e a s o n a l  v a r i a t i o n ^  i n  p o ta s s iu m  c o n x e n t  i n  Lago P ueb lo  4 eep  b r i n e d .
' '*’• ’ S t r a t i f i c a t i o n  d u r in g , t h e  w et s e a s o n  (Deo. 75) shows t h r e e  . d i s t i n c t  l a y e r s ; ,
' a  s u r f a c e  e p i l im n io n  and b o tto m  m onim olim nion s e p a r a t e d  by a  t r a n s i t i o n  z o n e ,
J u l y  ?6 a l s o  shows m in o r  s t a g i i f i c ^ t i o n ,  Deo ember*' 75  -* ~ j  December’ 76 ~D~i 
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F ig  3^ , S e a s o n a l  v a r i a t i o n s  i n  l i t h i u m  c o n t e n t  i n  Lago Pueb lo  d eep  b r i n e s .  
S t r a t i f i c a t i o n  i s  p r e s e n t  d u r in g  t h e  w et s e a s o n  and J u l y  o f  t h e  d ry  s e a s o n .  
December 75 December -D -i May 76 -M-j Ju n e  - J - j  J u l y  -Y -j  A ugust - A - ,
)
Os
• 67 . .
V  ' ' - L  ' ,  . ' . • ■ • ■
•  4
Magnesium and p o ta s s iu m  show a  s i m i l a r  s e a s o n a l
v a r i a t i o n  a s  t h e  fo rm e r  e l e m e n t s :  maximum s t r a t i f i c a t i o n  
'  ; v
d u r i n g  t h e  w e t  s e a s o n  and h o m o g e n e i ty  i n  t h e  ciry s e a s o n  
( F ig  3 5 . 3 3 ) .  ' ..
C alc ium  showed h ig h  e l e m e n ta l  c o n c e n t r a t i o n
, N t
■ d u r i n g  t h e  w e t  s « a so n  and  low  d u r i n g  t h e  d ry  s e a s o n  ( F ig  3 6 ) .
F l u o r i d e  was t h e  o n ly  e le m e n t  t o  show an i n v e r s e  
r e l a t i o n s h i p  o f  i t s  c o n c e n t r a t i o n  w i t h  d ep th '.  I n  t h e  w et 
, , s e a s o n  i t  r a n g e d 'f r o m  1.4-6 m g/L  a t  t h e  s u r f a c e  t o  1 •9>"iffg7i
a t  t h e  b o t to m .  No s t r a t i f i c a t i o n  was p r e s e n t  d u r in g  t h e  
m oqth o f  J u n e t76  i n  t h e  d r y  s e a s o n  ( F ig  3 7 ) .  The c o n c e n t r a t i o n  
re m a in e d  c o n s t a n t  a ro u n d  1 . 1 5  mg / l  i n  "the w a t e r  colum n.
The pH o f  t h e  w a t ^ r  colum n was fo u n d  t o  d e c r e a s e  
w i t h  d e p th  d u r i n g  t h e  w e t - s e a s o n .  F o r  December ?6t 1-^-2 
m on ths  a f t e r  t h e  w e t  s e a s o n  t h e  pH ra n g e d  from  8 .2 3  ‘th e  
s u r f a c e  t o  7 .81 .  a t  t h e  b o t to m  ( F ig  3 8 ) .  A s l i g h t l y  g r e a t e r  
d i f f e r e n c e  i s  e x p e c te d  d u r i n g  i n f l o w  o f  s e a  w a t e r  i n  t h e  w e t 
s e a s o n .  The low  pH v a l u e s  a t  t h e  b o t to m  o f  t h e  pond a r e  
p o s s i b l y  due t o  t h e  p r e c i p i t a t i o n  o f  i r o n  i n  t h e  form  o f  
i r o n  h y d r o x id e  w h ich  l e a d s  t o  an  i n c r e a s e  i n  t h e  h y d ro g e n  i o n
&
c o n c e n t r a t i o n .  I r o n  c o u ld  h av e  p r e c i p i t a t e d  o n ly  when r e d u c e d  
i r o n  from  t h e  m onim olim nion  came i n - c o n t a c t  w i t h  oxygen from  
t h e  f r e s h  m ix o l im n io n  d u r i n g  th e ^ w e t  s e a s o n .
P i n t a  d eep  f o l l o w s  a  s i m i l a r  c h e m ic a l '  s t r a t i f i e d  ^
J p a t t e r n  a s  Lago P u e b lo  d e e p  b u t  t o  a  much s m a l l e r  e x te n t - .
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Depth (cm)
P ig  35* S e a so n a l  v a r i a t i o n s  i n  magnesium c o n te n t  in  Lago Pueblo deep
, b r i n e s .  S t r a t i f i o a t i o n  i s  p r e s e n t  d u r in g  th e  w et s f a s o n .
December 75 **#~f December 76 -D -f  May ?6 ~M~r June 7$ r-J-l J u ly  7^ - Y - f  







0 ♦0 01 110 lift I I I I I I IM I I I  M l  1 )1 MO I I I ««# ««• «•»
Depth (cm)
F ig  36 . S ea so n a l  v a r i a t i o n s  i n  ca lc iu m  c o n te n t  i n  Lago Pueblo deep b r in e s  
Low c o n c e n t r a t io n s  ooour d u r in g  th e  dry s e a so n  i n d i c a t i n g  rem oval, 
sometime betw een th e  end o f  th e  w et  sea so n  and th e  b e g in in g  o f  th e  dry  
se a so n i  December 75 -* ~ l  December 76 ~D~| May 76 -M-i June 76 - J - f  
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Depth (cm) * '
F ig  3 7 , S e a so n a l  v a r i a t i o n s  i n  f l u o r i d e  i n  Lago Pueblo deep  b r i n e s .  ' 
F lu o r id e  i s  th e  o n ly  io n  d e c r e a s in g  i n  c o n c e n t r a t io n  w ith  depth  
d u rin g  maximum s t r a t i f i c a t i o n .  No change i s  p r e s e n t  d u rin g  June o f  
th e  dry s e a so n ,  December 75 -**-» December -D -j May 76 -M-j 
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D epth (cmj
F i g . 38* S ea so n a l  pH v a r i a t i o n s  i n  Lago Pueblo deep . In th e  w et sea so n• ?
a c i d i t y  i n c r e a s e s  w ith  depth  a c r o s s  s t r a t i f i c a t i o n  w h i le  i n  th e  dry  
s e a so n  i t  d e c r e a s e s  w ith  depth in  th e  homogeneous b r i n e s .  Erebember 76 
-D~j May 76 -M-j June 76 - J - i  J u ly  76 -Y -i August 76 -A - .
r
72
•100 g / l  f o r  t h e  f i r s t  60 cm o f  d e p t h ,  r e a c h i n g  a  h ig h  o f  
117 g / l  a t  t h e  b o t to m  ( F ig  3 9 ) •  R a in  showers- d u r i n g  J u l y  
d e v e lo p  s l i g h t  s t r a t i f i c a t i o n  i n  t h e  w a te r  co lum n. The * 
c h e m ic a l  v a r i a t i o n s  d u r in g  May, J u n e  and A u g u s t i n d i c a t e  
h o m o g e n e ity  o f  t h e  w a te r  colum n d u r i n g  t h e  d r y  s e a s o n .
Sodium i s  s t r a t i f i e d  i n  t h e  b r i n e  colum n d u r in g  th e  
w e t s e a s o n  and  r a n g e s  i n  c o n c e n t r a t i o n  from  98  g / l  a t  t h e
s u r f a c e  t o  15^ g / l  a t  t h e  b o t to m  ( F ig  4 0 ) .  '
Magnesium i s  s l i g h t y  s t r a t i f i e d  d u r i n g  t h e  w e t  . 
s e a s o n  December 76 and i t s  c o n c e n t r a t i o n  r a n g e s  from  7 -6  g / l  
a t  t h e  s u r f a c e  to _ 9 * l  g / l  a t  t h e  b o t to m .  No s t r a t i f i c a t i o n
i s  p r e s e n t  i n  t h e  d ry  s e a s o n  and t h e  c o n c e n t r a t i o n  r e m a in s
c o n s t a n t  a ro u n d  1 1 .3  g / l  (R ig  *+1 ) .  ,
P o ta s s iu m  f o l lo w s  'a  s i m i l a r  p a t t e r n  t o  magnesium 
and a t t a i n s  i t s  maximum c o n c e n t r a t i o n  o f  6 . 5  g / l  i n  Ju n e  
d u r in g  h o m o g e n e i ty  o f  t h e  w a t e r  colum n ( F ig  *1-2).
L i th iu m  r a n g e s  i n  c o n c e n t r a t i o n  from  1 .5  m g / l  a t  
t h e  s u r f a c e  t o  1 . 6 6 ' m g / l  a t  t h e  b o t to m  d u r in g  t h e  w e t  s e a s o n ,  
December 7 6 . I n  t h e  d ry  s e a s o n  t h e  h i g h e s t  c o n c e n t r a t i o n  a r e  
a t t a i n e d ,  an  a v e r a g e  o f  1 .9  m g / l  i n  A ugust ( F ig  *+3 ) .
r #
' C a lc ium  shows o n ly  s l i g h t  s t r a t i f i c a t i o n  and
maximum c o n c e n t r a t i o n  i n  t h e  w e t s e a s o n ,  w h i l e  lo w e s t
c o n c e n t r a t i o n s / a r e  a t t a i n e d  i n  t h e  d r y  s e a s o n  i n d i c a t i n g
p r e v i o u s  re m o v a l  o f  c a lc iu m  from  t h e  w a te r  m ass ( F ig  *14).
'  ■»
A s -w i th  Lago P u e b lo  d e e p ,  P i n t a  deep  shows a  
n e g a t i v e  c o n c e n t r a t i o n  d i s t r i b u t i o n  o f  f l u o r i d e  w i th  d e p th .
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F ig  39. S ea so n a l  v a r i a t i o n s  i n  c h lo r id e  c o n te n t  i n  P in ta  deep  b r in e s ,  
S t r a t i f i c a t i o n  can be observed  i n  th e  wet s e a so n  (D ec. ?6) and J u ly  76 
w hereas no s t r a t i f i c a t i o n  i s  p r e s e n t  d u r in g  th e  dry sea so n  (May, June,  
and August ? 6 ) ,  ‘
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F^g 4 1 , S e a s o n a l  v a r i a t i o n s  i n  magnesium c o n t e n t  i n  P i n t a  d eep  b r in e s ^  
S l i g h t  s t r a t i f i c a t i o n  i s  p r e s e n t  d u r in g  December 76 w h i le  no 
s t r a t i f i c a t i o n  i s  p r e s e n t  d u r in g  Ju n e  o f  t h e  d ry  s e a s o n ,
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Depth (cm) ^
F ig  ^2 . S ea so n a l v a r i a t i o n s  i n  Potassium  c o n te n t  i n  P in ta  deep  b r in e s .  
S t r a t i f i c a t i o n  i s  p r e s e n t  in  th e  w et s e a so n  ( D e c . - 76)  and i n  J u ly  76 
a f t e r  r a in  show ers had l e f t  6 cm o f  r a in  on th e  pond.
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.Fig- 4 3 . -S e a so n a l  v a r i a t i o n s  i n  l i t h i u m  c o n c e n t r a t i o n  i n  P i r i ta  d eep ,  S t r a t i f i c a t i o n
i s  p r e s e n t  d u r in g  t h e  w et s e a so n  w h i le  c o n c e n t r a t i o n s  a r e  c o n s t a n t  w i th  d e p th  i n
th e  d ry  s e a s o n ,
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Depth (cm) -
F ig  S e a s o n a l  v a r i a t i o n s  i n  Calcium  c o n t e n t  i n  P i n t a  deep  b r i n e s ,  
High v a l u e s  a r e  p r e s e n t  i n  t h e  w e t  s e a s o n  w h i le  low  v a l u e s  i n  t h e  
d ry  s e a s o n  i n d i c a t i n g  p r e v io u s  p r e c i p i t a t i o n  o f  c a lc iu m ,





- ^ C o n c e n t r a t i o n  r a n g e s ^ f ro m  1 .2 8  m g/1 , a t  t h e  s u r f a c e  t o  1.1?.'
'  /  m g /i  a t  th e  bottom  ( F i g ’45 ) .
* ‘ ' V / •  • •
.*r - : . pH i s :  a l s o / f o u n d  t o  d e c r e a s e  w i t h  d e p th  from  8 . 1 9
' — j "
' - a t ”th e  s u r fa c e  t o ,J? .91  a t  th e  bottom , i n d i c a t i n g  p o s s i b l e
.  . r .
• j p r e c i p i t a t i d r i  o f  i r o n  a s  i r o n  h y d ro x id e  i n  t h e  w e t  s e a s o n . -
- 7 I n  t h e  "dry s e a s o n  t h e  r e m a in s  . a t  an  a v e r a g e  o f  7 .7
( F i g  48 )’. The E l e m e n t a l  c h e m ic a l  d i s t r i b u t i o n  i n  t h e  w a te r  
m ass  o f  L a g o -P u e b lo  i s  a  f u n c t i o n  o f  t h e  d e n s i t y  ( F i g  4 7 ,
< in̂  * ...
48.).  C h lo r id e  and  p o t a s s iu m  show a  d i r e c t  r e l a t i o n s h i p  w i t h  
t h e  d ^ f ^ i t y  o f  t h e  b r i n e  i n  Lago P u e b lo .
r
• . Sodium i o n s  show a  f o u r t e e n f o l d  f n c r e a s e  i n  t h e  
> b r i n e  m ass o v e r  Los Roques s e a  w a t e r .  Sodium i s  a l s o  fo u n d  
b o  be' more c o n c e n t r a t e d  i n  t h e  i n f l o w i n g  w a t e r  d u r i n g  t h e
7 ' ^
• ' ,-wpt s e a s o n .  The C l/N a  r a t i o  o f  Los Roques s e a  w a t e r  i s  1 .8 0
' w h i l e  f o r  t h e  s u r f a c e  l a y e r  i n  Lago P u eb lo  d eep  d u r in g  t h e  
,i - . - „
w e t ’s e a s o n  i s  0 .7 5  ( F i g  4 9 ) .  The b ro k e n  l i n e  w h ich  
I n t e r s e c t s  t h e  o r i g i n  and  t h e  v a l u e  o f  n o rm a l  s e a  w a t e r ,  i n  
- ; th e  f o l l o w i n g  f i g u r e s ,  i s  a  l o c u s  w h ich  s h o u ld  b e  f o l lo w e d  
'■ by  c o n t in u o u s  c h a n g e s  i n  i o n i c  c o n c e n t r a t i o n  i f  t h e y  w ere 
c a u s e d  by a  l i n e a r  e f f e c t  i n v o l v i n g  e n r ic h m e n t  o r  d i l u t i o n  
o f  no rm a l s e a  w a te r ' .  The a d d i t i o n a l  q u a n t i t y  o f  sodium  i s  
b e l i e v e d  t o  come from  sodium  c a r b o n a te  s s L t  p r e c i p i t a t e d  • 
i n  t £ e  f l a t s  b e lo w  t h e  m e ta d ia b a s e  r i d g e ,  d u r i n g  t h e ' d r y  
s e a s o n .  Ground w a t e r  r i c h  i n  sodium  b i c a r b o n a t e  moves by\ /  
c a p i l l a r y  a c t i o n  t o  t h e  s e d im e n t  s u r f a c e  w h ere  e v a p o r a t i o n  
l e a d s  t o  p r e c i p i t a t i o n  o f  sodium  c a r b o n a t e .  I n  t h e  w e t *
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Depth (cm)
F ig  45 , S ea so n a l v a r i a t i o n s  i n  f l u o r i d e  c o n te n t  in  P in ta  deep  b r in eB .  
A n e g a t iv e  c o n c e n tr a t io n  d i s t r i b u t i o n  w ith  depth o ccu rs  i n  th e  wet  
se a so n  and d u rin g  J u ly  ?6,
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F ig  <4-6, S e a s o n a l  pH v a r i a t i o n s  i n  P i n t a  d e e p ,  In  th e  w et s e a s o n  a c i d i t y  
i n c r e a s e s  w i th  d e p th  w h i le  i n  the- d ry  s e a so n  i t  d e c r e a s e s  w i th  d e p th .  
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91*11 •tilt
F ig  49 . G b n c e n t r a t io n  o f  d i s s o l v e d  sodium v e r s u s  c h l o r i d e  io n s  i n  th e  Lago Pueb lo  
d eep  b r i n e .  Sodium i s  up t o  f o u r t e e n f o l d  c o n c e n t r a t e d  i n  t h e  b r i n e  maBS d u r in g  th e  
d ry  s e a s o n .  The sodium  c o n c e n t r a t i o n  p a th  i n d i c a t e s ,  sodium t o  be more c o n c e n t r a t e d  
i n  th e  s u r f a c e  l a y e r  d u r in g  i n f lo w  o f  s e a  w a te r  i n  t h e  w e t s e a s o n  th a n  i n  Los Roques 
s e a  w a te r .
85
s e a s o n ,  i n f l o w i n g  s e a  .w a te r  d i s s o l v e s  t h i s  a d d i t i o n a l  
so d iu m . The sodium  i s  b e l i e v e d  t o  come from  t h e  n e a r b y  h i l l s  
w h ich  a r e  r i c h  i n  sodium  p l a g i o c l a s e .  I n  t h e  w e t  s e a s o n  
some s e e p a g e  o f  g ro u n d  w a t e r  i n t o  t h e  p o n d - a l s o  o c c u r s  
( r e f e r  t o  f i g  6 5 ) .  The sodium  c o n c e n t r a t i o n  p a t h  i n  Los 
Roques b r i n e s  ( F ig  ^ 9 )  s u g g e s t s  some s e a s o n a l  . d e p l e t i o n  of. 
c h l o r i d e  r e l a t i v e  t o  sodium . . I t  i s  due
t o  p r e c i p i t a t i o n  o f  ' h a l i t e  d u r i n g  t h e  d ry  s e a s o n  i n  
p o ly g o n a l  p l a t e s ^  r e s u l t i n g  i n  a  lo w e r in g  o f  t h e  c h l o r i d e  
c o n t e n t  i n  t h e  b r i n e  m ass r e l a t i v e  t o  sod ium . The C l/N a  
r a t i o  f o r  December 75 i n  t h e  w e t  s e a s o n  i s  0 .8 6 ,  w h i l e  i t  
i s  O. 9 5  i n  A ugus t  76  o f  t h e  d r y  s e a s o n  i n  t h e  b r i n e  m ass 
( T a b le  4 ) .
P o ta s s iu m  and l i t h i u m  w h ich  a r e  c o n s e r v a t i v e
e le m e n ts  show a  t e n f o l d  ^ i n c r e a s e  i n  c o n c e n t r a t i o n  i n  t h e
b r i n e  m ass o v e r  Los R oqueS ^sea  w a t e r  and  b o th  a p p e a r  t o  be
c o n c e n t r a t i n g  a t  a  n o rm a l r a t e  ( F i g  50 , 5 1 ) .  The - te n fo ld
c o n c e n t r a t i o n  o b s e rv e d  i s  due t o  e v a p o r a t i o n  o f  Los Roques '
%
s e a  w a t e r ,  r a i n  w a te r  and g ro u n  w a t e r  w h ich  s e a s o n a l l y  
f lo w s  i n t o  t h e  pond d u r in g  t h e  w e t  s e a s o n .
Magnesium i s  s e v e n f o l d  c o n c e n t r a t e d  i n  t h e  b r i n e  
m ass  and  m a n ta in s  an a v e r a g e  K/Mg r a t i o  o f  0 . 5^  th ro u g h  
o u t  t h e  y e a r  ( F ig  5 2 ) .  The h ig h  c o n c e n t r a t i o n  o f  magnesium 
i n  t h e  b o t to m  s e d im e n ts  (T a b le  15) i n d i c a t e s  t h a t  i t  i s  
b e i n g  rem oved from  t h e  b r i n e  m ass p o s s i b l y  by  c o ­
p r e c i p i t a t i o n  w i th  m e ta l  s u l f i d e s .
C r
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CHLORIDE
F ig  5°« C o n c e n t r a t i o n  o f  d i s s o l v e d  p o ta s s iu m  v e r s u s  c h l o r i d e  ionB i n  Lago Pueblo
deep  b r i n e s ,  P o ta s s iu m  shov/s a  t e n f o l d  i n c r e a s e  f ro m  norm al Los Roques s e a  w a te r ,
* •




























6 0 0 0 0  9 6 0 0 9  1 1 2 0 0 0 ,
C h l o r i d e  ( m g / l )
1 2 6 0 0 01 6 0 0 0
F ig  51. C o n c e n t r a t i o n  o f  d i s s o l v e d  l i t h i u m  r e l a t i v e  to  c h l o r i d e  i n  Lago
*- * \P u eb lo  deep  b r i n e s .  L i th iu m  i s  t e n f o l d  c o n c e n t r a t e d  and shov/s some
xd e p l e t i o n  r e l a t i v e  t o  c h l o r i d e  i o n s ,
oo^3
6 3 7 .6  + .0021* x  01
A AAA
IJHIt ■ • » * « • • * «  J~9I f l t t *  M M M11101.
C h lo r id e  ( m g / l )
F ig  52 . C o n c e n t r a t io n  o f  d i s s o l v e d  magnesium r e l a t i v e  to  c h l o r i d e  i n  Lago P ueb lo  
deep  b r i n e s .  Magnesium shov/s a s e v e n f o ld  i n c r e a s e  i n  c o n c e n t r a t i o n  from norm al 
Los Roques s e a  v /a te r  '
8 9
F l u o r i d e  shows a' n e g a t i v e  r e l a t i o n s h i p  w i th
vN>
i n c r e a s e  i n  c h l o r i d e  c o n t e n t  i n  t h e  b r i n e  m ass ( F ig  53)*
I t  i s  p o s s i b l y  b e in g  rem oved by  o r g a n i c  m a t e r i a l  and i s  ' 
c o n c e n t r a t i n g  a t  t h e  s u r f a c e  o f  t h e  b o t to m  s e d im e n t s .
I n v e s t i g a t i o n  o f  t h e  p o s s i b i l i t y  t h a t  i t  i s ^ t i e d  up  w i th  
t h e  weak h y d r o f l u o r i c  a c i d  i n d i c a t e s  t h a t  i t  d o e s  so o n ly  
t o  a n  u n s i g n i f i c a n t  am ount, i f  a t  a l l .  I t  i s  n o t  
c o n c e n t r a t i n g  a s  f a s t  a s  c h l o r i d e  i o n s  ( F ig  5^)*
C alc iu m , a  n o n - c o n s e r v a t i v e  e le m e n t ,  shows no 
r e l a t i o n s h i p  t o  c h l o r i d e  o r  an y  o t h e r  e le m e n t  ( F ig  5 5 ) -  
T h is  i s  a  r e s u l t  o f  c a lc iu m  p r e c i p i t a t i o n  m a in ly  a s  gypsuSh 
w±-ch m in o r  c a lc iu m  c a r b o n a t e .
W ith  r e s p e c t  t o  magnesium., l i t h i u m  a  c o n s e r v a t i v e  
e le m e n t  i s  c o n c e n t r a t i n g  a t  a  much f a s t e r  r a t e  i n  t h e  b r i n e
C*
m ass o f  Lago P u e b lo  d eep  ( F ig  5 6 ) b u t  n o t  r e l a t i v e  t o  
sod ium  o r  p o ta s s iu m  ( F ig  57 . 5 8 ) .  S o d iu m * is  f o u r f o l d  more 
c o n c e n t r a t e d  i n  t h e  b r i n e  t h a j ^ l i t h i u i p ,  a s  a  r e s u l t  o f  k
; a d d i t i o n a l  sodium  r e l a t i v e  t o  Los Roques s e a  w a t e r ,  b e in g  
c a r r i e d  i n t o  t h e  pond d u r in g  t h e  w e t  s e a s o n .  A l th o u g h ,  
l i t h i u m  and  p o ta s s iu m  a r e  c o n s e r v a t i v e  e l e m e n t s ,  p o ta s s iu m  
i s  c o n c e n t r a t i n g  a t  a  much f a s t e r  r a t e  t h a n  l i t h i u m  ( F ig  5 8 ) .  
L i th iu m  i s  p o s s i b l y  -a lso  c o - p r e c i p i t a t i n g  w i t h  gypsum and
*
m e ta l  s u l f i d e s *  and b e i n g  rem oved t o  a  l a r g e r  d e g r e e  t h a n  
p o ta s s iu m  i n  t h e  b r i n e  m a ss .  The K /L i r a t i o  i s  3281 i n  t h e  
w e t  s e a s o n ,  December 75 and. 353^ i n  June*-of t h e  d ry  seasoff*
( T a b le  ^ ) .  '  _
\
























C h lo r id e  ( m g / l )  '
9600060000
, 4
F ig  53. C o n c e n t r a t i o n  o f  f l u o r i d e  r e l a t i v e  t o  c h l o r i d e  i n  Lago P ueb lo  d eep  b r i n e s .  
& The d i s s o l v e d  f l u o r i d e  i o n  c o n c e n t r a t i o n  i s  found  t o  d e c r e a s e  v /i th  i n c r e a s e  i n
c h l o r i d e  io n  c o n t e n t .  Sea  w a t e r , e v a p o r a t i o n  p a th  p lo tB  o u t s i d e  th e  d ia g ra m ,
( c f .  F ig  5^ )•
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C h lo r id e  (m g / l )
F ig  55. No r e i a t i o n s i p  i s  o b s e rv e d  be tw een  th e  c o n c e n t r a t i o n 1 o f  d i s s o l v e d  o a l c iu r a ' i o n s  
r e l a t i v e  to  th e  c h l o r i d e  c o n t e n t  o f  th e  b r i n e s .  T h is  i s  due t o  c a lc iu m  p r e c i p i t a t i o n .
• . v . '! • . ' \
• ' • ' • v V .  •'
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S o d iu m .( m g / l )
F ig  57* Sodium c o n c e n t r a t i o n  p l o t t e d  a g a i n s t  l i t h i u m  c o n c e n t r a t i o n  a p p e a r s  to  be 
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D u r in g  maximum s t r a t i f i c a t i o n  t h e  i n t e r a c t i o n  
o f  t h e  l e s s  a l k a l i n e  m onim olim nion  w i t h  t h e  o v e r l y i n g  
a l k a l i n e  o x i d i z i n g  e p i l im n io n  p o s s i b l y  p ro m o te s  th e  
p r e c i p i t a t i o n  o f  m e t a l l i c  o x id e s ,  s u c h  a s  i r o n  o x id e  and 
s u l f i d e s  s u c h  a s  l e a d  and z in c  ‘s u l f i d e s  i n  t h e  m ix o l im n io n .  
The l a c k  o f  oxygen i n  t h e  a n o x ic  b r i n e s  w ould  p r e v e n t  
f u r t h e r  p r e c i p i t a t i o n .  Such p r e c i p i t a t i o n  w ould g iv e  r i s e  
t o  a  n e p h e lo id  laye^r whose l i g h t  i n t e n s i t y  when m easu red
7
w i t h  a  n e p h e lo m e te r  d e c r e a s e s  w i th  t im e  a s  t h e  w a te r  mass 
o f  t h e  pond o v e r t u r n s  t o  a  homogeneous w a t e r  colum n. Such 
a  l a y e r  was r e p o r t e d  by  Ryan e t . a l .  ( i n  D egens and R oss , .  
1 9 6 9 ) ,  from  t h e  i n t e r a c t i o n  b e tw e e n  t h e  a c i d i c  56°C w a te r  
m ass and t h e  o v e r l y i n g  a l k a l i n e  if4°C w a t e r  m ass  i n  t h e  
A t l a n t i s  I I  cLeep, i n  t h e  Red S e a .
.
'  S'.,
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
T h e rm a l_ L a ^ e r in g
v' .
The s h a l lo w  t r a n s p a r e n t  zone  o f  l i g h t  b r i n e  r e s t i n g  
on to p  o f  t h e  h eav y  b r i n e  mass d u r i n g  the- w et s e a so n  fo rm s  a  
’g r e e n - h o u s e '  r o o f  o v e r  t h e  d en se  d e e p e r  b r i n e  o f  th e  
m onim olim nion which, a b s o rb s  h e a t  from, s o l a r  r a d i a t i o n  b u t  
l o s e s  non by e v a p o r a t i o n  -and l i t t l e  by  c o n d u c t io n .  The c
c h a r a c t e r  o f . t h e  s e a s o n a l  t e m p e r a tu r e  p r o f i l e  ( F ig  59) 
i n d i c a t e s  t h a t  s o l a r  r a d i a t i o n ,  i s  t h e  o n ly  s o u rc e  o f  h e a t  i n  
t h e  p o n d . .S e d im e n t  g r a b  sam p les  t a k e n  d u r i n g  May and •
December 76 showed t h a t  b o t to m  s e d im e n ts  t a k e n  d u r in g  May 
w ere  c o ld ,  r u l i n g  o u t  t h e  p o s s i b i l i t y  o f  g e o th e rm a l  h e a t
i
c o n d u c t io n .  However, s e d im e n t  sa m p le s  o b ta in e d  d u r in g  
December ?6 w e re  h o t  i n d i c a t i n g  t h a t  h e a t  c o n d u c t io n  th ro u g h ^  
t h e  s e d im e n ts  from  t h e  m onim olim nion d u r in g  th e rm a l  
s t r a t i f i c a t i o n  i s  s i g n i f i c a n t ^  A h ig h  t e m p e r a tu r e  o f  39°C 
was m easu red  a t  t h e  b o tto m  o f  Lago P u eb lo  d u r in g  December 76 . 
The much s m a l l e r  P i n t a  de^p  a l s o  shows th e r m a l  s t r a t i f i c a t i o n  
d u r in g  t h e  w e t  s e a s o n  ( F ig  6 0 ) .  The a b s o r p t i o n  o f  s o l a r  
e n e rg y  i s  p a r t l y  due t o  . th e  n a t u r a l  a b s o r p t i v i t y  o f  t h e  
■ s o l u t i o n  and p a r t l y  t o  t h a t  o f  su sp e n d e d  p a r t i c l e s .  M elack 
e t  a l  ( 19-7 2 ) b e l i e v e  t h a t  t h e  h ig h  tem p era r tu re  o f  ^ 0°C a t  1 
m d e p th  i n  Lake Mahega, E a s t  A f r i c a  i s  due t o  s o l a r  h e a t i n g  
o f  a  bloom o f  b a c t e r i a  and o f  b lu e  g r e e n  a l g a e  a t  t h i s  d e p th .  
The maximum d e p th  o f  t h a t  pond i s  k . l  m.
S o n n e n fe ld  e t  a l  ( 1 9 7 6 ) have  i n d i c a t e d  t h a t
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P ig  59* S e a s o n a l  t e m p e r a tu r e  p r o f i l e s  i n  t h e  v /a te r  column o f  Lago Pueb lo  
deep  brfPnes, Therm al s t r a t i f i c a t i o n  i s  o b s e r v e d / i n  t h e  v/et s e a s o n  (Dec, 
75 and Dec, ?6) b u t  n o t  i n  t h e  d ry  s e a s o n ,
December 75 - * - i  December 76 -D -j May 76 -M-> Ju n e  76 - J - j  J u l y  76 -Y -j 
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F ig  60. S e a s o n a l  th e rm a l  reg im e  a s  a  f u n c t i o n  o f  d e p th  i n  P i n t a  deep  
b r i n e s ,  Therm al s t r a t i f i c a t i o n  i s  o b se rv e d  d u r in g  th e  vret s e a s o n  
(Dec, 76)  b u t  no th e rm a l  s t r a t i f i c a t i o n  i s  p r e s e n t  i n  t h e . d r y  s e a s o n ,  
December 76 ~D~t May 76 -M-i June  76 - J - l  J u l y  76 ~Y~i A ugust 76  -A - ,
\0\0
/
t h e r m a l  s t r a t i f i c a t i o n  o f  t h e  w a t e r  column i n  Lago P u e b lo  
i s ' a  r e s u l t  o f  e n t r a p m e n t  o f  s u n l i g h t  r £ y s  by t h e  d e n s i t y  
s t r a t i f i e d  w a t e r  m ass .  R ec en t  s t u d i e s  by S o n n e n fe ld  e t  a l  
( 1 9 7 7 ) have  shown t h a t  a lm o s t  a l l .  s o l a r  e n e rg y  e n t e r i n g  th e  
la g o o n  would be  a b s o rb e d .
A f t e r  t h e  w et s e a s o n  t h e  th e r m o c l in e  g r a d u a l l y  •« 
s t r a i g h t e n s  yout s i m i l a r l y  t o  t h e  p v c n o c l i n e  and c h e m o c l in e  
b u t  a t  a  mvgoh f a s t e r  r a t e  due t o  t h e  h i g h e r  r a t e  o f  h e a t  
f l u x  o v e r  s a l t  f l u x .
The m onim olim nion Ls' a  l a y e r  o f  h ig h  s t a t i c
*
s t a b i l i t y  w h ich  s e r v e s  a s  a  s o l a r  - e n e rg y  t r a p .  S o l a r  e n e rg y  
from  t h i s  l a y e r  i s  rem oved b y :
' a )  M o le c u la r  c o n d u c t io n  o f  h e a t  t o  t h e  c o l d e r  s u r f a c e  l a y e r .
b )  T u r b u le n t  c o n d u c t io n  o f  h e a t  t o  t h e  same c o l d e r  s u r f a c e  
l a y e r .
c )  C o n d u c t io n  o f  h e a t  i n t o  t h e  b o t to m  s e d im e n t  f l o o r .
d) B i o l o g i c a l  and c h e m ic a l '  p r o c e s s e s .
A l a r g e  f r a c t i o n  o f  t h e  e n e rg y  rem oved from  t h e  s t a t i c  
m onim olim nion  i s  by th e  f i r s t  t h r e e  p r o c e s s e s  w i th  t h e  l a s t  
one b e in g  o n ly  m in o r .
The l a y e r i n g  p r o c e s s e s  o b s e rv e d  i n  t h e  n a t u r a l  
“sy s te m  a t  Lago P u eb lo  h a s  b een  r e p r o d u c e d  i n  t h e  l a b  by 
T u rn e r  and Stommel ( 196^ ) .
D epend ing  on t h e  a c t u a l  d i s t r i b u t i o n  b e tw een  s a l t
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and  h e a t  t h r e e  d i s t i n c t  s i t u a t i o n s  can  a r i s e  i n  a  two lay e r* .  
S y s te m :
* * ♦ * 
a )  One i n h e r e n t l y  s t a b l e
"b) One i n h e r e n t l y  u n s t a b l e
c )  One w here  t h e  l a y e r s  re m a in  s e p a r a t e  b u t  w here  t h e r e . i s  
c o n v e c t iv e  s t i r r i n g * -i n  each  l a y e r .
The i n h e r e n t l y  s t a b l e  c a s e  i s  p ro d u c e d  i f  ^;he u p p e r  
l a y e r  i s  b o th  warm er and l e s s  s a l t y  th a n  t h e  lo w e r  l a y e r .
B oth  com ponents  th e n  a c t  t o g e t h e r  t o  p ro d u c e  a  s t a b l e  
d e n s i t y  s t e p -* a c ro s s  t h e  i n t e r f a c e .  T h is  c a s e  do es  n o t  a p p ly  
t o  Lago P ueb lo  b u t  d o e s  a p p ly  to  l a g o o n s  w h ich  s e a s o n a l l y  
s u p p ly  w a te r s  t o  Lago P u e b lo .
The i n h e r e n t l y  u n s t a b l e  c a s e  i s  p ro d u c e d  i f  t h e  
u p p e r  l a y e r  i s  w arm er and s a l t i e r  t h a n  t h e  lo w e r  l a y e r ,  
p r o v id e d  t h a t  t h e  lo w e r  l a y e r  i s  h e a v i e r  p r i m a r i l y  b e c a u s e  
o f  i t s  c o o l e r  t e m p e r a t u r e  ( F ig  6 1 ) .  The p a t t e r n  so  p ro d u c e d  
i s  known a s  s a l t - f i n g e r i n g  and i s  p r i m a r i l y  fou n d  i n  t h e  
o c e a n  ( T a i t  and Howe, I 9 6 8 ) .  T h e ' r a p i d  l o s s  o f  h e a t  a c r o s s  
t h e  i n t e r f a c e  makbs t h e  w a te r  im m e d ia te ly  above  th e  i n t e r f a c e  
h e a v i e r  t h a n  t h e  l e s s  s a l t y  w a te r  im m e d ia te ly  below  i t ,  
w h ich  i s  s im u l t a n e o u s l y  a b s o r b in g  h e a t  and becom ing l i g h t e r .  
The r e s u l t  b e in g  a  c o n v e c t io n  p a t t e r n  r e s e m b l in g  a  t i n y  
^  c h e c k e r b o a r d ,  i n  w h ich  a l t e r n a t e  c e l l s  o f  s a l t y  w a te r  s i n k  
w h i l e  a d j a c e n t  c e l l s  o f  l e s s  s a l t y  w a te r  r i s e .
The t h i r d  c a s e  i s  p ro d u c e d  when t h e  u p p e r  l a y e r  i s
■ /
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F ig  63?. S a l t - F i n g e r i n g  o c c u r s  i n  a  t w o - l a y e r  sy s te m  w here 
t h e  u p p e r  l a y e r  i s  w arm er and  s a l t i e r  t h a n  t h e  lo w e r  l a y e r .
I t  a r i s e s  b e c a u s e  h e a t  d i f f u s e s  a b o u t  100 t im e s  more r a p i d l y  
th a n  s a l t .  S o l i d  l i n e s  show t h e  i n i t i a l  d e n s i t y  p r o f i l e ,  
w h e re a s  t h e  b ro k e n  l i n e s  show th e  s i t u a t i o n  a  few m in u te s  
l a t e r  when t h e  more r a p i d  d i f f u s i o n  o r  h e a t  h a s  p ro d u c e d  a  
p o t e n t i a l l y  u n s t a b l e  s i t u a t i o n  a t  t h e  i n t e r f a c e ' .  Heavy a r ro w s  
r e p r e s e n t  t e m p e r a tu r e  and h e a t  f lo w ;  b l a c k  d o t s  and l i g h t  
a r ro w s  i n d i c a t e  ‘s a l t  and  s a l t  d i f f u s i v i t y .  A downward b u lg e  
w i l l  c o o l  t h e  w a te r  above t h e  i n t e r f a c e  more r a p i d l y  th a n  
when t h e  i n t e r f a c e  i s  l e v e l  o r  c u r v e s  u p w ard . The r a p i d  l o s s  
o f  h e a t  makes t h e  w a t e r  above  t h e  b u lg e  h e a v i e r  t h a n  i t s  
s u r r o u n d i n g s ,  so  t h a t  i t  t e n d s  to  s i n k .  S i m i l a r l y ,  t h e  w a te r  
be lo w  an  upw ard b u lg e  i s  warmed more t h a n  i t s  s u r r o u n d in g s  
and t e n d s  -to r i s e .  .The r e s u l t  i s  f i n g e r i n g  ( c ) .  ( A f t e r  Gregg 
1 9 7 3 ) .
x
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b o t h  c o o l e r  and . . l e s s  s a l t y  t h a n  t h e  lo w e r  l a y e r ,  t h e  lo w e r
*
l a y e r  b e i n g  h e a v i e r  p r i m a r i l y  b e c a u s e  o f  i t s  s a l i n i t y .  T h is  
i s  t h e  s i t u a t i o n  o b s e rv e d  a t  L a g o -P u e b lo . R ap id  ' d i f f u s i o n  o f  
h e a t  u pw ards  i n c r e a s e s  t h e  s t a b i l i t y  a c r o s s  t h e  i n t e r f a c e  
b u t  p ro d u c e s  s t r o n g  c o jw ^ c t iv e  s t i r r i n g  w i t h i n  each  l a y e r  
( F ig  6 2 ) .  Efae t o  t h e  h ig h  s a l i n i t y  and  d e n s i t y  g r a d i e n t  
fo rm ed  i n  t h e  w a te r^ co lu m n  a  l a y e r  o f  h ig h  s t a t i c  s t a b i l i t y  
(m onim olim nion) i s  p ro d u c e d  n e a r  t h e  b o t to m .  T h is  h ig h  
s t a t i c  s t a b i l i t y  o f  t h e  l a y e r  p r e v e n t s  o r  a t  l e a s t  r e d u c e s  
t h e  l e v e l  o f  t u r b u l e n c e  th u s  e l i m i n a t i n g  f u l l y  o r  p . a r t l y  an 
e f f e c t i v e  a g e n t  o f  h e a t  c o n d u c t io n  (Neuman, 1 9 6 8 ) .
t
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P ig  62. E nhanced s t a b i l i t y  o f  t h e  d e n s i t y  s t e p  i n  a  tw o-
l a y e r  sy s te m  r e s u l t s  when t h e  u p p e r  l a y e r  o f  w a te r  i s  c o o l  
and  f r e s h  and t h e  lo w e r  l a y e r  i s  warm and  s a l t y .  As h e a t  
d i f f u s e s  a c r o s s  t h e  i n t e r f a c e  b e tw e e n  t h e  l a y e r s  more 
r a p i d l y  t h a n  s a l t  ( a , b )  t h e  w a te r  t h a t  i s  im m e d ia te ly  above  
t h e  i n t e r f a c e  becom es l i g h t e r  t h a n  t h e  u p p e r  l a y e r  a s  a  
w ho le  and  t e n d s  t o  r i s e ,  w h e reas  w a t e r  j u s t  be low  th e  
i n t e r f a c e  i n  c r e a s e s  i n  d e n s i t y  and  t e n d s  t o  s i n k  ( c )
(-A fter  G regg , 1973)* S>
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A .sg e c ts_ o f_ S o la :r Ponds
a ^ 1
T h e re  i s  a . l o n g  h i s t o r i c a l  i n t e r e s t  i n  t h e  s tu d y
o f . s o l a r  p o n d s .  A c c o rd in g  t o  D z e n s - L i to w s k i i  ( 1 9 5 3 ) .  P . I .
Rvchow ( 1 7 7 2 ) was t h e  f i r s t  t o  draw a t t e n t i o n  on t h e
th e r m a l  re g im e  o f  d e n s i t y  s t r a t i f i e d  l a k e s  on h is .  d i s c u s s i o n
o f  t h e  m i n e r a l i z e d  l a k e s  o f  t h e  I I e k  P r e s e r v e .  However, i n
»
t h e  l i t e r a t u r e - s u c h  a  d i s c o v e r y  h a s  b een  a s c r i b e d  t o  A.
K a le c s in s k y  (1901) on h i s  s tu d y  o f  Lake S z o v a ta  i n  Romania.
Only r e c e n t l y  h av e  s c i e n t i s t s  g iv e n  m ore a t t e n t i o n
t o  t h e  s tu d y  o f  s o l a r  p o n d s .  D e t a i l e d  work h a s  b e e n  c a r r i e d  
%
o u t  on t h e  s o l a r  pond o f  t h e  G u lf  o f  E l a t  by  E c k s t e i n  (1 9 ? 0 ) ,  
F r ied m an  (1973) and A haron (1977)* The t im e  v a r i a t i o n s  i n
V
c h e m ic a l  andx p h y s i c a l  p r o p e r t i e s  o f  t h e  w a t e r s  w ere
i n v e s t i g a t e d  t o g e t h e r  w i t h  i s o t o p i c ,  c h e m ic a l  and  m i n e r a l o g i c a l
s t u d i e s  o f  t h e  s e d im e n t s .  The p r o c e s s  o f  h o t  b r i n e
d o l o m i t i z a t i o n  and  t h e  g e n e r a t i o n  o f  c a r b o n a t e  p a r t i c l e s  and
l a m i n i t e s  i n  a l g a l  m a ts  a l s o  gave  i n s i g h t  i n t o  t h e  com plex
p r o c e s s e s  t a k i n g  p l a c e  i n  t h e  G u lf  o f  E l a t  s o l a r  pond .
I n  19^8 D r. R udolph B lo c h ,  r e s e a r c h  d i r e c t o r  o f  t h e
Dead S ea  w orks  s u g g e s t e d  t h a t  an  e f f e c t i v e  s o l a r  c o l l e c t o r
*
c o u ld  b e  c r e a t e d  by  a v o i d i n g  c o n v e c t io n  i n  a  s t r a t i f i e d  s a l t
r
s o l u t i o n  i . e .  by  c r e a t i n g  a  d e n s i t y  g r a d i e n t  i n  a  s o l a r  pond.
I t  was on t h i s  i d e a  t h a t  T abor (1963) i n i t i a t e d  r e s e a r c h  on 
a r t i f i c i a l / s o l a r  ponds  f o r  pow er p r o d u c t i o n .
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They ape  fo u n d  i n  S i t f e r i a  |L ak e  T u z lu k '  ( D z e n s - L i to w s k i i^ '  
1 9 5 3 ) .  A n t a r c t i c a : 'L a k e  V anda ' (W ilso n  e t  a l , 1 9 7 2 ) ,  
W a sh in g to n ,  U ,S .A . : 'H o t  L a k e ’ (A n d e rso n ,  1958) and A f r i c a :
* 'L a k e  M ahega' (M eleck e t  a l ,  1 9 7 2 ) .
Lake S z o v a t a ' i n  Romania i s  a  body o f - 'w a te r  w i th  a 
h ig h  NaCl c o n c e n t r a t i o n  and a  maximum d e n s i t y  o f  1 .1 9 ^  a t  a 
d e p th  o f  15 m. The f r e s h - w a t e r  l a y e r  i s  s e a s o n a l l y  
r e p l e n i s h e d  by  p r e c i p i t a t i o n .  T e m p e ra tu re s  up t o  56°C h ave  
sy  b e e n  m easu red  a t  a  d e p th '  o f  1 . 3 2  m.
A nderson  (1958) d e s c r i b e d  a  m e r o m ic t ic  l a k e ,
'H o t  L a k e ' i n  c e n t r a l  W a sh in g to n ,  w hich  o c c u p ie s  a  fo rm e r
epsom s a l t  e x c a v a t i o n .  The d o m in a n t  m in e r a l  i n  Hot l a k e
W ash in g to n  i s  e p s o m i te ,  MgS0^.7H2 0. A lth o u g h  d u r in g  th e
o 'winter the temperature falls to -20 C below'an ice cover, 
during the summer temperatures up to 5®°C have been 
measured in the monimolimnion. The average salt gradient 
ranging from 100-g/l at the surface to-^00 g/l at the bottom.
r
" E c k s t e i n  (1970), s t u d i e d  a  m e r o m ic t ic  s o l a r  pond 
30 km S o u th  o f  E i l a t  on t h e  S i n a i  s h o re  s e p a r a t e d  from  th e  
Red S ea  by a  60 m g r a v e l  b a r .  T e m p e ra tu re s  up t o  52°C w ere 
• m e a su re d  i n  -the m onim olim nion  d u r in g  t h e  w i n t e r .  The pond 
shows c l o s e  s i m i l a r i t i e s  i n  b o th  p h y s i c a l  and c h e m ic a l  
a s p e c t s  t o  Lago P u eb lo  s o l a r  po n d . T h e i r  m a jo r  d i f f e r e n c e s  
l i e  i n  t h e  s h e l f  c o m p o s i t io h  and m o rp h o lo g y . The b o tto m  o f  
Lago P u eb lo  i s  e n t i r e l y  c o v e re d  by r e d  m a c r o c r y s t a l l i n e  
gvpsum, w h e re a s  t h e  s h e l f  o f  th<e G u lf  o f  E l a t  s o l a r  pond i s
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c o v e re d  by  a' t h i c k  m at o f  b lu e  g r e e n  a l g a e ,  and mud, w i t h  
o n ly  t h e  d eep  b o t to m  b u i l t  o f  w h i t e  m a c r o c r y s t a l l i n e  gypsum,. 
As w i th  Lago P u e b lo  in f lo w  o f  s e a  wa^.er o c c u r s  o v e r  a  g r a v e l  
b a r ' ' d u r i n g ' t h e  w e t  s e a s o n .  A haron ( 1 9 7 7 ) h a s  shown t h a t  
d o lo m i te  i s  b e i n g  form ed from  a  d e p th  o f  30 cm below  t h e  
s e d im e n t  b r i n e  i n t e r f a c e  downyfa&ds by r e p la c e m e n t  o f  t h e  
a r a g o n i t e  p r e c i p i t a t e d  by a l g a e .
T e m p e ra tu re s  up t o  4-0°C h av e  b een  m easu red  i n  
'L ak e  M ahega’ , a  s a l i n e  c r a t e r  l a k e  i n  w e s te r n  Uganda 
(M eleck e t  a l ,  1 9 7 2 ) .  The h ig h  t e m p e r a t u r e s  o b s e rv e d  a t  t h i s  
d e p th  h av e  b e e n  a t t r i b u t e d  t o  s o l a r  h e a t i n g  o f  a  bloom o f  
b a c t e r i a  and  t h e  b l u e  g r e e n  a l g a e ,  § y n e c h o c c u s _ b a c i l l a r i s .
C r y s t a l s  o f  t h e  t r i p l e  s a l t ,  n o r t h u p i t e  (Na2 C ^ ’MSC03 ‘NaC-O 
and t h e n a r d i t e  (Na^SO^) w ere  fo u n d  m ixed w i th  the. s u r f a c e  
s e d im e n t  and i t  i s  b e l i e v e d  t h a t  p r im a r y  n o r t h u p i t e  i s  
b e in g  p r e c i p i t a t e d .
S o l a r  h e a t i n g  h a s  a l s o  b e e n  c o n s id e r e d  t h e  s o u r c e  
o f  h e a t  i n  L ak es  Boi^pey and "Vanda i n  A n t a r c t i c a ,  a  r e g i o n  
w here  t h e  a v e r a g e  a n n u a l  a m b ie n t  t e m p e r a tu r e  i s  a b o u t  -2 0 °C . 
M easu rem en ts  c a r r i e d  o u t  d u r in g  J a n u a r y  19&3 ^  Lake Bonney 
by  S h i r t c l i f f e  e t  a l  (196*0 showed t h a t  t h e  maximum w a te r  
t e m p e r a t u r e  was a b o u t  7*5°C a t  a  d e p th  o f  1 0 -1 5  m. C r a ig  e t* 1
al*, ( 197^0 h av e  shown t h a t  h a l i t e  and  h y d r o h a l i t e  (N aC l^H ^O ) 
a r e  b e in g  p r e c i p i t a t e d  o u t  o f  s o l u t i o n .  T e m p e ra tu re s  down t o  
-2°C  a r e  fo u n d  a t  31 •5  m d e p th  d u r i n g  t h e  w i n t e r .  W ilso n  e t  
a l,,  ( 1 9 6 2 ) r e p o r t e d  t e m p e r a tu r e s  o f  25°C i n  Lake V anda. They
)
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fo u n d  c o n v e c t i o n  i n  c o n t r o l  o f  t h e  h e a t  t r a n s f e r  mecijanism 
f o r  t h e  f i r s t  49 m o f  d e p th  h u t  o n ly  c o n d u c t io n  i n  t h e  lo w e r  
18  m.
I n  November 1973 d r i l l e r s  o f  t h e  Dry V a l l e y  
D r i l l i n g  P r o j e c t  b o re d  th ro u g h  t h e  __ice and w a te r  o f  Lake
.  Jk
Vanda and  i n t o  t h e  s e d im e n ts  be low  i t :  t h e  b o tto m  w a t e r s  o f
th e  l a k e  w ere  warm, b u t  t h e  s e d im e n ts  on w hich  th e y  r e s t e d
w ere  q u i t e  co]!&, m aking  i t  e v i d e n t  t h a t  t h e  sun  i s
r e s p o n s i b l e  f o r  t h e  h e a t i n g .  *
At p r e s e n t  t h e  r e g i o n  b e tw e e n  t h e  s u r f a c e  and a
d e p th  o f  49 m i n  Lake Vanda i s  composed o f  tw e lv e  c o n v e c t io n
c e l l s  ( i n  w hich  t e m p e r a t u r e ,  . - s a l i n i t y  and d e n s i t y  a r e
c o n s t a n t )  (K o are ,  1 9 6 8 ) .  These  l a y e r s  a r e  s e p a r a t e d  from
each  o t h e r  by  c o n d u c t iv e ,  l a y e r s  o n ly  i n c h e s  t h i c k  i n  w h ich
*
s a l i n i t y  and t e m p e r a t u r e  change  s m o o th ly .




§ h e lf '_  S ed im en ts
The s h e l f  o f  Lago P u eb lo  and t h e  v e r t i c a l  w a l l s  o f  
t h e  d e e p s  c o n s i s t  e n t i r e l y  o f  r e d  m acro c r y  s i> a l l i n e  gypsum 
i n t e r b e d d e d  w i t h  m in o r  c a l c i t e .  A n h y d r i te  h a s  n o t  b een  
d e t e c t e d  i n  t h e  gypsum c r u s t  l i n i n g  t h e  s h e l f  o f  Lago P u e b lo .
P r im a ry  p r e c i p i t a t i o n  o f '  a n h y d r i t e  i s  im p ro b a b le  
(C o n ley  e t  a l ,  1958) b e c a u s e :
a )  The r e l a t i v e  e a s e  o f  c r y s t a l l i s a t i o n  o f  m e t a s t a b l e  gypsum
1
w i t h i n  t h e  a n h y d r i t e  s t a b i l i t y  f i e l d  p r e v e n t s  s u f f i c i e n t  
s u p e r s a t u r a t i o n  f o r  n u c l e a t i o n  o f  a n h y d r id e .
b )  A bundant a c t i v a t i n g  c a t i o n s ,  p r e s e n t  i n  s e a  w a t e r ,  f u r t h e r  
i n h i b i t  t h e  f o r m a t io n  o f  a n h y d r i t e .
c )  Gypsum f o r m a t io n  r e q u i r e s  t h a t  t e m p e r a t u r e s  d u r in g  
p r e c i p i t a t i o n  do n o t  g r e a t e l v  e x c e e d  ^2°C .
So f a r  h i g h e r  t e m p e r a t u r e s  t h a n  4 2 ° C h av e  n o t  b een  o b s e rv e d  
d u r in g  t h e  d r y  s e a s o n  i n  t h e  d e e p s .
However, a  c o n t r o v e r s y  e x i s t s  a s  t o  w h e th e r  
a n h y d r i t e  i s  o f  p r im a r y  o r  s e c o n d a ry  o r i g i n .  I n  Abu Dhabi 
Kinsman ( 1 9 6 6 ) h a s  r e p o r t e d  p r im a ry  p r e c i p i t a t i o n  o f  
a n h y d r i t e  a s  a  r e s u l t  o f  t h e  h ig h  t e m p e r a t u r e s  and 
e v a p o r a t i o n  r a t e s  i n  t h e  a r e a .  However, B u t l e r  ( 1 9 6 9 ) 
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t h e  c a lc iu m  s u l f a t e  m i n e r a l  s t a b l e  a t  c h i o r i n i t i e s  g r e a t e r
t h a n  1^5 ° / o o .
At Lago P u eb lo  d u r i n g  t h e  d ry  p e r i o d  c o n t in u o u s
e v a p o r a t i o n  c a u s e s  h a l i t e  t o  p r e c i p i t a t e  o u t  o f  t h e
e n t r a p p e d  b r i n e  i n  t h e  gypsum p o ly g o n a l  p l a t e s  ( F ig  6 3 ) .
' 0» ■
R a in  sh o w ers  i n  J u l y  l e a d  t o  d i s s o l u t i o n  o f  t h i s  p r e v i o u s l y  
p r e c i p i t a t e d  h a l i t e  and b reakdow n o f  gypsum p r e s s u r e  r i d g e s  
l o c a t e d  a lo n g  t h e  s h o re  ( F ig  6*0.
The b r i n e s  w ere  d e p l e t e d  o f  some o f  t h e  m a jo r  and 
t r a c e  e le m e n ts  a p p a r e n t l y  i n  . th e  p r o c e s s  o f  p r e c i p i t a t i o n .  
The f o l l o w i n g  am ounts w ere  rem oved: c h l o r i d e  ( ? . 3  m g / l ) ,  
sodium  ( 1 6 , 0 3 9  m g / l ) ,  p o ta s s iu m  (318  m g / l ) ,  l i t h i u m  ( 6 . 6  
m g / l ) ,  s i n e  ( 1 ? . 6  m g / l ) ,  i r o n ”*(2 0 . 1  m g / l )  and c o p p e r  (15*3 
m g / l )  ( T a b le  1 5 ) .
*
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r’i g  6 ^ .  R a in  sh o w ers  d u r in g  J u l y  1976 l e d  t o  a  
b r e a k - u p  o f  th e  gypsum p r e s s u r e  r i d g e s  a lo n g  t h e ' 
s h o r e  and  t o  r e d i s s o l u t i o n  o f  h a l i t e .


















Source Cl Kg Ca Na K F Li Zn Fe 7n Cu
Deer S u r f .  Sed. 6 . 1 2 1 9 9 8 8 . 6 1 2 9 t 7 9 ,7 . ' 1123337.7 3 1 1 5 . 3 7 2 6 . 3 5 . 8 0 1 7 1 . i _, P8 U . 2 - 3 . 1 7 8 . 7
P ee?  Bot .  Sed . 1 2 . 3 9 1 0 3 6 2 . 0 1 2 3 2 0 1 . 5  „ - - 2 0 8 8 9 8 . 7 2 8 8 8 . 2 0 5 . 3 7 7 0 . 5 . 2 1 0 8 , 7 0 8 7 . 0
P i n t a  Sed. 8 . 3 2 1 0 5 3 0 . 2 19 93 3 3 . 7 6 9 0 0 7 . 2 2 9 1 0 . 0 183-. 1 5 . 5 2 6 3 . 9 6 8 3 3 . 8 3 5 . 6 8 5 . 8
Gycsur.SiCrust 7 . 2 6 2 8 8 3 . 8 2 0 7 7 2 5 . 6 1 6 0 3 9 . 8 3 1 3 . 3 6 . 6 0 1 7 . 6 20 . 1  ‘ 0 1 5 . 3
. E ? s t . . l n ~ .  Sed 1 0 . hO 7 9 9 2 . 2 2 3 1 6 8 6 . 6 0 0 6 1 0 . 6 1 86 8 . 3 0 1 7 . 5 2 6 1 . 6 2 2 2 . 0 8 7 . 2 0
Sr . l t  Pool 180856 '*73-5 7 8 7 5 8 1 . 6 6 9 0 8 . 7 1 . 0 5
/
Poo l  w i t h  no c o l t 189188 8 2 0 . 7 2 9 9 3 1 1 . 6 658O. 2 1 . 8 8 »
T a b le  15. Chem ical a n a l y s e s  o f  bo tto m  s e d im e n ts  and gypsum, c o n c e n t r a t i o n s  i n  m g / l .
116
S ed im en ts_ o n _ B o tto m  o f  Deeps
'  .  ' 
.The sam pled  s e d im e n t  i n  Lago P u eb lo  deep  c o n s i s t s
o f  an  u p p e r  l a y e r  o f  b l a c k  c o l l o i d a l  mud and b e n e a th  i t  a
l i g h t e r  b r o w n is h - y e l lo w  l a y e r ; '  Mud sa m p le s  from  P i n t a 'd e e p
o n ly  re v e .a le d  t h e  b l a c k  c o l l o i d a l  u n i t  o b s e rv e d  a s  t h e  u p p e r
l a y e r  i n  Lago P u eb lo  d e e p ,  p r o b a b ly  a s  a  r e s u l t  o f  t h e  g ra b
- s a m p le r  n o t  h a v in g  p e n e t r a t e d  th e  lo w e r  u n i t  a l s o  sam pled  i n
Lago P u eb lo  d e e p .  The s t r a t i f i e d  and c o l l o i d a l  n a t u r e  o f  t h e
b o t to m  s e d im e n ts  ( F ig  21) i n d i c a t e s  . t h a t  a l l  t h i s  m a t e r i a l  ■
h a s  b e e n  d e r iv e d  from  t h e  o v e r l y in g  w a te r  colum n. E le m e n ta l
a n a l v s e s  d e te rm in e d  a s  'T o t a l  C o n c e n t r a t i o n '  (T u rek  and y  <•
R id d le ,  19??)  i n  Lago P u e b lo  deep  r e v e a l e d  a  h ig h  
c o n c e n t r a t i o n  o f  K (3-115 m g / l ) ,  Na (1 2 8  g / l ) ,  Ca (129 g / l ) .
Mg (19*9 g / l ) ,  Fe (8^11 m g / l ) ,  Mn ’(3 -1  m g / l ) ,  Cu (75 m g / l ) ,
Zn (171 m g / l ) ,  L i  ( 5 . 8  m g / l )  and F (726 m g / l ) . ( T a b l e  1 5 ) .
The two f a c i e s ,  an  u p p e r  d a r k  c o l l o i d a l  u n i t  and a  b ro w n is h -  
y e l lo w  more c o n s o l i d a t e d  lo w e r  l a y e r ,  o b s e rv e d  i n  Lago P ueb lo  
d eep  s e d im e n ts  r e v e a l e d  s i g n i f i c a n t  d i f f e r e n c e  i n  c h e m ic a l  
c o n c e n t r a t i o n s  (T a b le  1 5 ) .
F l u o r i d e  was fo u n d  to  be c o n c e n t r a t e d  o n ly  i n  t h e  
u p p e r  s e d im e n t  u n i t  and i s  m ost p r o b a b ly  t i e d  up w i th  t h e  
o r g a n ic  m a t e r i a l  p r e s e n t  i n  t h i s  u n i t . -
■
C h lo r id e  i s  fo u n d  t o  i n c r e a s e  i n  c o n c e n t r a t i o n  from* 
u p p e r  t o  lo w e r  s e d im e n t  f a c i e s /  (6 m g / l -1 2  m g / l ) .  The low  
c o n c e n t r a t i o n  o f  c h lo r id e *  i o n  i s  e v id e n c e  t h a t  c h l o r i d e  i s  
p r e s e n t  i n  t h e  form  o f  c h l o r i d e  com plexes  i n  t h e  i n t e r s t i t i a l
t




Sodium i n c r e a s e s  w i th  d e p th . f r o m  128 g / l  t o  208
g / l  •
Magnesium, p o t a s s i u m , z i n c , i r o n  and m anganese  a r e  
fo u n d  t o  d e c r e a s e  w i th  s e d im e n t  d e p th .  These i s  p o s s i b l y  a  
’ r e s u l t  o f  t h e s e  i o n s  b e in g  t i e d  up  w i t h  c h l o r i d e  com plexes
in - -' t h e . i n t e r s t i t i a l  b r i n e  o r  i n  t h e  fo rm a tio n ^  o f  some 
u n i d e n t i f i e d  m i n e r a l .
E le m e n ta l  c o n c e n t r a t i o n s  i n  t h e  P i n t a  deep  a r e  
o n ly  s l i g h t l y  lo w e r  th a n  th o s e  i n  Lago P u eb lo  d eep .
A s e d im e n t  sam ple  from  t h e  e a s t e r n  l a g o o n ,  
n e ig h b o u r in g  Lago P u e b lo ,  r e v e a l e d  odd m e ta l  c o n c e n t r a t i o n s  
(T a b le  15)* Mn ( ^ ? .2  m g / l ) ,  Fe (222 m g / l ) ,  Zn (6 1 .6  m g / l ) , *  
and L i  ( 1 ? .5  m g / l ) .  No e x p l a n a t i o n  was s o u g h t  f o r  t h e s e  
h ig h  c o n c e n t r a t i o n s .
- m
The H2S o d o r  d e t e c t e d  when t h e  b o t to m  muds o f  Lago 
P u eb lo  deep  and P i n t a  deep  w ere  b r o u g h t  t o  t h e  . s u r f a c e - w i t h  
t h e  s e d im e n t  g r a b  s a m p le r  i n d i c a t e s  t h e  p r e s e n c e  o f  s u l f a t e  
r e d u c i n g  b a c t e r i a . ' T h e  K^S f o r m a t io n  i s  a t t r i b u t e d  t o  
b a c t e r i a l  breakdow n o f  s u l f a t e . . T h e  s u l f a t e  may come e i t h e r  
from  t h a t  d i s s o l v e d  i n  t h e  w a t e r  m ass o r  from  t h e  s m a l l  
• am ounts  o f  gypsum fo u n d  i n  t h e  b o t to m  s e d im e n t s .  A c c o rd in g  
t o  .Friedm an (1973) "the p r o c e s s  may b e  .e n v isa g e d  a s  f o l l o w s :
3(CaS0v 2H2 0) + ' CgH^Og *= 3CaCo3 + 3H2S +. 3C02 + 9H2 0
1 ' - S u l f u r  p h a se  d ia g ra m s  i n d i c a t e  t h a t  m e ta l
4
j
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s u l f i d e s  can  b e  e x p e c te d  t o  form  a s  s e d im e n t a r y - m in e r a l s  i n  
red u c in g -  e n v i ro n m e n ts  (K ra u s k o p f ,  ' 1 9 6? ) .  powder
d i f f r a c t o g r a m s  o f  t h e  u p p e r  25  cm o f  b o tto m  s e d im e n ts  h a s  
^no t r e v e a l e d  t h e  p r e s e n c e  o ^  any  s u l f i d e s  (T a b le  1 6 ) .  The . 
d a t a  o b t a in e d  i n d i c a t e s  th a / t  gypsum i s  t h e  o n ly  m in e r a l  
p r e s e n t  i n  t h e  b b t to m  s e d im e n t s .  The d - s p a c i n g s  o b s e rv e d  i n  
t h e  t a b l e  a r e  t h o s e  o f  t h e  h e m i - h y d r a t e  v a r i e t y  known a s  
•' b a s s a n i t e  ( CaSO^.^H^O). B a s s a n i t e  i s  n o t  a u t h i g e n i c  b u t  i s  a  
r e s u l t  o f  t h e  s e d im e n t  sam ple  b e in g  d r i e d  i n  an  oven a t  
100°C. T e m p e ra tu re s  h i g h e r  t h a n  90°C w ould r a p i d l y  c o n v e r t  
gypsum t o  t h e  h e m i - h y d r a te  v a r i e t y .
The r e a s o n  no o t h e r  m i n e r a l  o t h e r  t h a n  gypsum h a s  
form ed i n  t h e  u p p e r  25  cm o f  b o t to m  p r e c i p i t a t e s  i s  t h a t  t h e  
s e d im e n t  u n i t  i s  v e r y  young and t h e  m e t a l s  a r e  n o t  
, ^ ■ ^ '-c o n c e n tra te d  s u f f i c i e n t l y  f o r  m i n e r a l  f o rm a t io n  b u t  a r e
p r e s e n t  i n  t h e  i n t e r s t i t i a l  b r i n e .  I t  i s  a l s o  p o s s i b l e  t h a t  
s u l f i d e s  a r e  p r e s e n t  b u t  can  n o t  be  d e t e c t e d  by X -ra y  
d i f f r a c t i o n  due t o  t h e i r  s m a l l  s i z e  i n  t h i s  v e r y  young 
■sediment u n i t .  I n  t h e  p r e s e n c e  o f  gypsum, m in u te  q u a n t i t i e s  
o f  s u l f i d e s  w ould  b e  l o s t  i n  t h e  b a c k g ro u n d  p a t t e r n  o f  an  X- 
r a y  d i f f r a c t o g r a m  p a t t e r n .
The c o n c e n t r a t i o n  ^of t r a c e  e le m e n ts  i n  u p p e r  and 
lo w e r  s e d im e n t  f a c i e s  i n  Lago P u eb lo  deep  s u g g e s t s ’t h a t  t h e  
s u l f i d e s  a r e  a c c u m u la t in g  f u r t h e r  down i n  t h e  s e d im e n t
t *
colum n, b e in g ,  s w e p t  i n  by b r i n e  i n f l u x .
j -
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4 .2 8 9 0 . 0 4 .2 9  -4 6 .8 3 .4 6 4 5 . 0
3-0 7 3 0 . 0 3 .3 9  1 2 .7 3 .2 1 2 .0
2 .8 7 100.0- 3 . 0 5  4 :00.0 4 3-0 0 1 0 0 .0
2 .7 8 2 0 .0 2 .8 6  3 2 .5 2 .8 0 5 0 . 0
2 .6 8 5 0 . 0 2 . 6? 1 7 . 1 2 .0 0 2 . 0  r
2 .4 9 2 0 .0 1 . 8 8  1 5 . 9 M CO 1 2 .0
T a b le  15* Summary o f  X -ra y  powder d i f f r a c t i o n  d a t a  f o r  b o t to m
s e d im e n t  sa m p le s  and gypsumv c r u s t . ' d* r e f e r s  t o  t h e  
c h a r a c t e r i s t i c  l i n e  s p a c in g  N^or a  p a r t i c u l a r  m i n e r a l  and 'I*  
t h e  r e l a t i v e  i n t e n s i t y  f p r  t h a t  l i n e .
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DISCUSSION AND CONCLUSION'
The f o l l o w i n g  m odel i s  p ro p o s e d  f o r  t h e  s e a s o n a l
v a r i a t i o n s 'o b s e r v e d  i n  t h e  p h y s i c a l  and  c h e m ic a l
• \  _ 
p r o p e r t i e s  o f  Lago P u e b lo  s o l a r  pond  ( P ig  6 5 ).. I n  t h e  w e t
s e a s o n ,  s e a  wateTr s e e p s  i n t o  t h e  pond t o g e t h e r ,  w i th  some
/  V'*
r a i n  w a te r  c o l l e c t e d  on t h e  f l a t s  b e lo w  t h e  m e ta d ia b a se ,  
r i d g e .  Maximum d e n s i t y  s t r a t i f i c a t i o n  o c c u r s  a t  t h i s  t im e  
i n  t h e  w a te r  colum n and t h r e e  d i s t i n c t  l a y e r s  a r e  
d e v e lo p e d :  A s u r f a c e  l a y e r  o r  e p i l i m n i o n ,  a b o u t  d o u b le  
t h e  c o n c e n t r a t i o n  o f  Los Roques' s e a  w a t e r , '  s e p a r a t e d  by  a  
m ix in g  zone o r  m ix o l im n io n  from  a  m on im olim n ion , a b o u t  
e i g h t  f o l d  c o n c e n t r a t e d .
S u n l i g h t  i s . a b s o r b e d  by  t h e  d e n s i t y  s t r a t i f i e d  
y a ^ e r  column and- t h e  b o t to m  m onim olim nion  - a t t a i n s  a  
t e m p e r a t u r e  o f  39°C . C o n v e c t io n  i n  t h e  pond i s  i n h i b i t e d  
b y . t h e  h ig h  s a l i n i t y  c o n c e n t r a t i o n  g r a d i e n t .  The 
c h a r a c t e r  o f  t h e  s e a s o n a l  t e m p e r a t u r e  p r o f i l e  i n d i c a t e s  • 
t h a t  s o l a r  r a d i a t i o n ' i s  t h e  o n ly  s o u r c e  o f  h e a t  i n  th §  
p o n d .  S o l a r  e n e rg y  i s  rem oved m a in ly  by  m o le c u la r  and 
t u r b u l e n t  c o n d u c t io n  o f  h e a t '  t o  t h e  c o l d e r  s u r f a c e  l a y e r  
and c o n d u c t io n  t h r o u g h  t h e  .bottom  s e d im e n t s .
D u r in g  t h e  w e t  s e a s o n  t h e  w a t e r  l e v e l  o f  t h e  pond 
i s  a t  I t s  h i g h e s t  and b r i n e  r e f l u x  o c c u r s  m a in ly  th ro u g h  
t h e  b o t to m  s e d im e n t s  and  p a r t l y  t h r o u g h  t h e  pond w a l l s .  
T h is  i s  t o  e s t a b l i s h  h y d r o s t a t i c  e q u i l i b r i u m  b e tw een  Lago
y
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F ig  6 5 . S ch em atic  c r o s s - s e c t i o n  th ro u g h  Lago P ueb lo  from SW t o  NE, R e f lu x  o f  Lago
Jhieblo b r i n e s  o c c u r s  m a in ly  th ro u g h  th e  bo ttom  s e d im e n ts  d u r in g  t h e  w et s e a s o n  i n
o r d e r  to  e s t a b l i s h  h y d r o s t a t i c  e q u i l i b r i u m  betw een  Lago P ueb lo  and n e ig h b o u r in g  s e a
w a t e r ,  The o p p o s i t e  o c c u r s  d u r in g  low w a te r  l e v e l  i n  t h e  d ry  s e a s o n ,  (R e f lu x  -----> ,
i n f l u x  > 1 w a te r  t a b l e ---------- , i n t e r f a c e  o f  b r i n e  and s e a  w a te r  .............  , i n t e r f a c e
(. v 
o f  f r e s h  w a te r  and s e a  v /a te r  ) .
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P u eb lo  b r i n e s  and n e i g h b o u r in g  s e a  w a te r  ( F ig  65^•
A f t e r  t h e  w e t s e a s o n  c o n t in u o u s  e x p o s u re  o f  t h e  
, pond  t o  t h e  e a s t e r l y  w in d s  p r o d u c e s  h ig h  r a t e s  o f  s t i r r i n g  
and s u b s e q u e n t  m ix in g  (C-regg, 1 9 7 3 )-  M ix ing  and h ig h  
e v a p o r a t i o n  r a t e s  l e a d  t o  h o m o g e n e i ty  o f  t h e  w a t e r  column 
a f t e r  a b o u t  t h r e e  m o n th s .  A c tu a l  e v a p o r a t i o n  from  Lago 
P u eb lo  b r i n e s  i s  o v e r  tw e n ty  p e r c e n t . , l e s s  th a n  t h a t  
m ea su re d  on La O r c h i l a  i s l a n d  (H arb ec k ,  1955)-  A h ig h  
c o n c e n t r a t i o n  o f  d i s s o l v e d  s o l i d s  i n  Lago P u e b lo  l e a d s  
t o  a  r e d u c t i o n  o f  t h e  s a t u r a t i o n - v a p o r _p r e s s u r e  and 
c o n s e q u e n t ly  t o  a  d e c r e a s e  i n  e v a p o r a t i o n  from  t h e  b r i n e .
The d i f f e r e n c e  i n  w a t e r  l e v e l  a t  Lago Pueblo- . 
b e tw e e n  t h e  w e t s e a s o n  and d r y  s e a s o n  i s  i n  t h e  o r d e r  o f  
h 0 -5 0  cm (T a b le  4 ) ,  o r  about- 15^ cm l e s s  t h a n  w hat i s  
e x p e c te d  j u s t  by e v a p o r a t i o n .  T h is  i n d i c a t e s  t h a t  b r i n e  
i n f l u x  m a in ly  th ro u g h  t h e  b o t to m  s e d im e n ts  t a k e s  p l a c e  
d u r in g  t h e  d r y  s e a s o n  i n j o r d e r  t o  e s t a b l i s h  h y d r o s t a t i c  
e q u i l i b r i u m  b e tw e e n  Lago P u eb lo  b r i n e s  .and n e ig h b o u r in g  
s e a  w a te r  ( F ig  6 5 ) .  T h is  b r i n e  i n f l u x ' i s  f u r t h e r  
s u b s t a n t i a t e d  by t h e  " la rg e  q u a n t i t i e s  o f  h a l i t e  p r e c i p i t a t e d  
o u t  o f  t h e  e n t r a p p e d  b r i n e , i n  t h e  p o ly g o n a l  p l a t e s  d u r in g  
t h e  d ry  s e a s o n .  Only r e n e w a l  o f  h i g h l y  c o n c e n t r a t e d  b r i n e s  
i n  t h e  p o ly g o n a l  p l a t e s  w ould  l e a d  t o  t h e  p r e c i p i t a t i o n  o f  
su ch  l a r g e  - q u a n t i t i e s  o f  h a l i t e .
The S e a s o n a l  c h e m ic a l  s t r a t i f i c a t i o n  and  e l e m e n ta l
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• c o n c e n t r a t i o n  i s  a  f u n c t i o n  o f  t h e  d e n s i t y .  P o ta s s iu m  and$
l i t h i u m  w h ich  a r e  c o n s e r v a t i v e  e le m e n ts  show a  t e n f o l d
i n c r e a s e  i n  t h e  ."brine m ass o v e r  Los Roques s e a  w a t e r ,  and
a p p e a r  t o  b e  c o n c e n t r a t i n g  a t  a  much f a s t e r  r a t e  t h a n
c h l o r i d e  i o n .  Sodium shows a  f o u r t e e n f o l d  i n c r e a s e  i n
c o n c e n t r a t i o n . i n  t h e  b r i n e  m ass and a l s o  a p p e a r s  t o  be> *
%
c o n c e n t r a t i n g  a t  a  much f a s t e r  r a t e  t h a n  t h e  c h l o r i d e  i o n .  
I n f lo w in g  s e a  w a t e r  and r a i n  w a t e r  i n  t h e  w et s e a s o n ,  b e i n g  
h i g h l y  e n r i c h  i n  sodium  r e l a t i v e  t o  Los Roques s e a  w a te r  
c a u s in g  t h e  h ig h  c o n c e n t r a t i o n  o f  sodium  i n  Lago P u e b lo .
The C l/N a  r a t i o  o f  s t a n d a r d ' s e a  w a t e r  i s  1 .8 1  and f o r  Los 
Roques s e a  w a t e r  1 .8 0 ,  w h i l e  f o r  t h e  su rfa c .e  l a y e r  i n  Lago 
P u e b lo  d u r in g  December 1975 i t  i s  0 .8 ?  (T a b le  b ) . T h is  
a d d i t i o n a l  q u a n t i t y  o f  sodium  i s  b e l i e v e d  t o  come from  
g ro u n d  w a t e r  r i c h  i n  sodium  b i c a r b o n a t e ,  p r e s e n t  i n  t h e  
f l a t s  a t  t h e  f o o t  o f  t h e  m e ta d ia b a s e  r i d g e .  Sodium . 
c a r b o n a t e  p r e c i p i t a t e s  on t h e  su r fa c e ^  o f  t h e  f l a t s  d u r in g  
t h e  d ry  s e a s o n .  I n  t h e  w e t s e a s o n  i t  i s  p ic k e d  up by r a i n  
w a t e r  and s e a  w a t e r  f lo w in g  i n t o  t h e  p ond . The h ig h  
sodium  c o n c e n t r a t i o n  a l s o  i n d i c a t e s  t h a t  i n  a d d i t i o n  t o  
s e a  w a te r  f lo w in g  i n t o  t h e  pond a l s o  g ro u n d  w a t e r  s e e p s  i n .
b r i n e  m a ss .  H a l i t e  p r e c i p i t a t e s  i n  t h e  d ry  s e a s o n  w hich  
l e a d s  t o  a  l o w e r i n g  i n  t h e  c o n c e n t r a t i o n  o f  c h l o r i d e  i o n s  
i n  t h e  b r i n e  m ass .
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
C h lo r id e  i s  o n ly  s e v e n f o l d  c o n c e n t r a t e d  " in  t h e
F l u o r i d e  i s  t  . n ly  e le m e n t  t o  show a  n e g a t i v e
r e l a t i o n s h i p '  w i t h  i n c r e a s e  i n  c h l o r i d e  c o n t e n t  i n  t h e  b r i n e  
m ass-  I t  i s  m a in ly  b e i n g  removed by o r g a n i c  m a t e r i a l  and 
i s  c o n c e n t r a t e d  i n  t h e  b o t to m '- s e d im e n ts .
A h i g h  K/Ca r a t i o  i n  t h e  d r y  s e a s o n ' i n d i c a t e s  t h a t  
c a lc iu m  p r e c i p i t a t i o n ,  m a in ly  a s  gypsum and c a l c i t e ,  h a s  
o c c u r r e d  som etim e b e tw e e n  t h e  end o f  t h e  w e t  s e a s o n -a n d  
t h e  b e g in n in g  o f  t h e  d r y  s e a s o n ,  p r o b a b l y  s h o r t l y  a f t e r  
i n f l o w  o f  s e a  w a t e r  h a s  t a k e n  p l a c e .  The e n t i r e  s h e l f  and 
w a l l s  o f  t h e  d e e p s  a r e  c o v e re d  w i th  r e d  m a c r o c r y s t a l l i n e  
gypsum.
. The i n t e r a c t i o n 'b e t w e e n  t h e  b a s i c  o x y g e n - r i c h  
e p i l i m n i o n  and t h e  s l i g h t l y  a c i d i c  r e d u c i n g  
m onim olim nion  i f f  t h e  w e t  s e a s o n  p o s s i b l y  p ro m o te s  t h e  • 
p r e c i p i t a t i o n  o f  m e t a l l i c  o x id e s  and s u l f i d e s  w hich  r e s u l t  
i n  h eav y  m e ta l  e n r ic h m e n t  o f  t h e  b o t to m  s e d im e n t s .  Low pH 
v a l u e s  a t  t h e  b o t to m  i n d i c a t e  p o s s i b l e  p r e c i p i t a t i o n  o f  
i r o n  i n  t h e  fo rm  o f  i r o n  h y d r o x id e .  Gypsum was t h e  o n ly  
m i n e r a l  fo u n d  i n  t h e  u p p e r  25 cm o f  b o t to m  s e d im e n t^ .
The P i n t a  d eep  shows a  p h y s ic o c h e m ic a l  c y c le  
s i m i l a r  t o  Lago P u e b lo  deep  b u t  w i t h  a  much s m a l l e r  
a m p l i tu d e .  P i n t a  d eep  i s  l o c a t e d  much c l o s e r  to, -the 
C a r ib b e a n  s e a .  The s l i g h t l y  lo w e r  c o n c e n t r a t i o n  o f  m a jo r  
and m in o r  e le m e n ts  o b s e rv e d  i n  P i n t a  d eep  i s  a  r e s u l t  o f  
some s e a  w a t e r  r a t h e r  t h a n  o n ly  b r i n e  i n f l u x  th ro u g h  t h e  
b o t to m  s e d im e n ts  d u r in g  t h e  d r y " s e a s o n  ( F ig  6 5 ) .
!
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